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A series of centrifuge model tests has been carried out to evaluate the load 
transfer characteristics of a pile foundation system supporting an oil storage tank over 
soft clay. Particular attention has been given on the load distribution among piles in 
the foundation. The experiments mainly focused on the influence of pile cap area 
ratios, thickness of overlying granular material and presence of geotextile. For each 
case, the efficacy (percentage of loads carried by the piles) of the overall foundation 
system, the load carried by each individual pile and the foundation settlements were 
thoroughly investigated and practical implications of the findings were discussed.  
The test results show that the foundation efficacy and competency increase 
with increasing pile cap area ratio. It is found that a pile cap area ratio of 25% is 
sufficient to facilitate an optimal maximum transfer of tank load to the piles. It is also 
established that the tank settlement decreases with increasing pile cap area ratio. By 
keeping the pile cap area ratio at 25%, the effects of dense sand thickness on load 
distribution and tank settlement were investigated. It is established that the foundation 
efficacy increases with increasing thickness of dense sand. However, a 2-m thick sand 
layer is sufficient to mobilize an effective load transfer to the piles for the existing 
pile configuration. There is a decrease in tank settlement with increasing sand 
thickness. The influence of placing geotextile on the pile caps on the load distribution 
and settlement of tank was investigated and it is found that the axial forces carried by 
each individual pile are higher as compared to those without geotextile. In the existing 
study, the application of geotextile helps in enhancing both foundation efficacy and 
 x
competency. However, the enhancement is more effective for smaller pile cap mainly 
due to the larger stretching of geotextile and arching of the soil.  
For the test with multiple stage loading, the foundation efficacy and tank 
settlement are established to be similar to those of single stage loading as long as the 
magnitude of applied loading is the same. On the other hand, for the tests with 
reduced number of piles located outside the tank corner, it appears that there is only a 
slight difference in the load distribution and tank settlement compared to 
corresponding test without omission of piles.  However, for the test with further piles 
being removed beneath the tank corner, there is a significant increase in pile axial 
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σ’ Effective vertical stress 
α Adhesion/reduction factor 
∆ρ  Differential settlement between center and the edge of the tank 
ρcenter  Tank center settlement 
ρedge  Tank edge settlement 
Am  Area of model pile 
Ap  Area of prototype pile 
a  Pile cap area ratio 
C  Competency 
Cu  Undrained shear strength of soil 
D  Tank diameter 
E Efficacy 
Em  Modulus of elasticity of model pile 
Ep  Modulus of elasticity of prototype pile 
fcu Concrete ultimate compression strength tested at 28-day 
H Height of embankment 
K Rankine’s lateral earth pressure ratio 
L Pile dimension 
N  Gravity acceleration in which the test is conducted 
Nq Bearing capacity factor 
Po’  Effective overburden pressure at pile tip 
PL  Load carried by all piles 
PT Total applied tank load 
Q Ultimate pile capacity 








Figure 1.1   Tank supported a group of piles with individual caps 
 
Figure 2.1  Figure 2.1 Terzaghi’s trap door experiment. (a) Cross section view : ab 
is the trap door. (b) Pressure on platform and trap door before and after 
slight lowering of door. (c) vertical stress from top of sand to trap door. 
(after Terzaghi, 1936) 
 
Figure 2.2 Section through a piled embankment (after Hewlett and Randolph, 
1988) 
 
Figure 2.3  Domed analysis of crown stability in piled embankment (after Hewlett 
and Randolph, 1988) 
 
Figure 2.4  Domed analysis of cap stability in piled embankment (after Hewlett 
and Randolph, 1988) 
 
Figure 2.5 (a) Positive Projecting Conduit, (b) Free body diagram for Ditch 
Conduit (after Splanger and Handy, 1982) 
 
Figure 2.6  Settlements which influence loads on positive projecting conduits 
(incomplete projection conduit) (after Splanger and Handy, 1982) 
 
Figure 2.7  Model study by Low (a) Cross section of model soft ground and cap 
beams (b) Details of model cap beams (after Low et al., 1991) 
 
Figure 2.8  Results of model tests (after Low et al., 1991) 
 
Figure 2.9  Experimental setup of piled embankments (after Tung, 1994) 
 
Figure 2.10  Ultimate limit state for basal reinforced piled embankment (after BS 
8006, 1995) 
 
Figure 2.11  Serviceability limit state for basal reinforced piled embankment (after 
BS 8006, 1995) 
 
Figure 2.12  Loading diagram for basal reinforced piled embankment (after BS 
8006, 1995) 
 
Figure 2.13  Cross section of tank at Menstrie Tank Farm (after Thornburn et al., 
1984) 
 
Figure 2.14  Proposed soil-pile composite system by Khoo (2001) 
 
Figure 2.15  Numerical model for pile without cap and with cap (after Khoo, 2001) 
 xiii
 
Figure 2.16  Results of percentage load on piles (after Khoo, 2001) 
 
Figure 2.17  Settlement pattern for tank (after Marr et al., 1982) 
 
Figure 2.18  Detrimental settlement pattern of tank foundation (after Marr et al., 
1982) 
 
Figure 2.19  Settlement of tank T-212 (after Duncan and D’Orazio, 1987) 
 
Figure 2.20  Interior settlement of tank T-1701 (after Duncan and D’Orazio, 1987) 
 
Figure 2.21  Normalized settlement of tank bottom (after Duncan and D’Orazio, 
1987) 
 
Figure 2.22 Settlement damage criteria for steel tank (after Duncan and D’Orazio, 
1987) 
 
Figure 2.23  Fully flexible circular arch analysis (after Fluet et al., 1986) 
 
Figure 2.24  Wooden sticks and meshed paper to model geotextile-bamboo fascine 
mattress (after Sim, 1998) 
 
Figure 2.25  Geometric characterization of reinforcement (after Springman et al., 
1992) 
 
Figure 3.1  Initial stresses in a centrifuge model induced by rotation about a fixed 
axis correspond to gravitational stresses in the corresponding prototype 
(after Taylor, 1994) 
 
Figure 3.2  Comparison of stresses variation with depth in a centrifuge model and 
its corresponding prototype (after Taylor, 1994) 
 
Figure 3.3  Side elevation of centrifuge of NUS 
 
Figure 3.4  Photo of NUS centrifuge with the model package mounted on the 
platform 
 
Figure 3.5  Schematic model package (units in mm) 
 
Figure 3.6  Gradation of Toyoura Sand (after Ooi, 2002) 
 
Figure 3.7  Relationship between internal friction angle and relative density. (after 
Takemura et al., 1998) 
 
Figure 3.8  Details of model pile 
 
Figure 3.9   Model instrumented pile (partially-finished and finished) 
 
 xiv
Figure 3.10  Scaling relationship between model pile and prototype pile 
 
Figure 3.11  Arrangement of a bridge of strain gauges on pile surface 
 
Figure 3.12  Wheatstone-Bridge circuit for the strain gauge on model pile : axial 
load measured 
 
Figure 3.13  Calibration of model instrumented pile 
 
Figure 3.14  Sand hopper used for pluviation 
 
Figure 3.15  Sweep pattern adopted in spot type pluviation (after Fretti et al., 1995) 
 
Figure 3.16  Installation guide for piles 
 
Figure 3.17  Control room (centrifuge data acquisition system) 
 
Figure 3.18  Schematic diagrams showing the data collection system 
 
Figure 4.1  Cross-section view showing the load influence zone (dimensions in 
mm) 
 
Figure 4.2  Plan view showing load influence zone 
 
Figure 4.3  Classification of piles 
 
Figure 4.4 Development of pore pressure and soil surface settlement with time 
during pre-consolidation in 50g in a typical test 
 
Figure 4.5  Hyperbolic method used to determine ultimate settlement 
 
Figure 4.6  Result of Test P1: (a) Tank loading pressure (b) pore pressure and (c) 
tank settlement with time 
 
Figure 4.7  Hyperbolic plot to predict ultimate settlement & degree of 
consolidation 
 
Figure 4.8  Development of average settlement with applied pressure from tank 
(Test P1) 
 
Figure 4.9  Figure 4.9 Results of Test A4: Development of (a) loading pressure; (b) 
pile axial force with time; (c) tank settlement after loading stage and (d) 
pore pressure with time. 
 
Figure 4.10(a) Development of average tank settlement with pressure (Test A4) 
 
Figure 4.10(b) Development of angular distortion with time (Test A4)  
 
Figure 4.11  Development of efficacy with time (Test A4) 
 
 xv
Figure 4.12  Development of competency with time (Test A4) 
 
Figure 4.13  Development of pile axial force with time (Test A1) 
 
Figure 4.14  Development of pile axial force with time (Test A2) 
 
Figure 4.15  Development of pile axial force with time (Test A3) 
 
Figure 4.16  Development of pile axial force with time (Test A5) 
 
Figure 4.17  Development of pile axial force with pile cap area ratio (for pile type A, 
B, C and D) 
 
Figure 4.18  Development of pile axial force with pile cap area ratio (for pile type E, 
F, G and H) 
 
Figure 4.19  Effect of pile cap area ratio on efficacy 
 
Figure 4.20  Effect of pile cap area ratio on competency 
 
Figure 4.21  Development of efficacy with time for different pile cap area ratio 
 
Figure 4.22  Development of competency with time for different pile cap area ratio 
 
Figure 4.23 Development of pore pressure with time (Test A1) 
 
Figure 4.24  Development of pore pressure with time (Test A2) 
 
Figure 4.25  Development of pore pressure with time (Test A3) 
 
Figure 4.26  Development of pore pressure with time (Test A5) 
 
Figure 4.27  Development of tank settlement with time after loading (Test A1) 
 
Figure 4.28  Development of tank settlement with time after loading (Test A2) 
 
Figure 4.29  Development of tank settlement with time after loading (Test A3) 
 
Figure 4.30  Development of tank settlement with time after loading (Test A5) 
 
Figure 4.31  Effect on pile cap area ratio on settlement 
 
Figure 4.32  Development of average settlement with applied pressure from tank for 
test series 1 
 
Figure 4.33  Development of pile axial force on time (Test N1) 
 
Figure 4.34  Development of pile axial force on time (Test N2) 
 
 xvi
Figure 4.35 Development of pile axial force with height of sand (for pile type A, B, 
C, and D) 
 
Figure 4.36  Development of pile axial force with height of sand (for pile type E, F, 
G and H) 
 
Figure 4.37 Development of efficacy with time for test series 2 
 
Figure 4.38  Shearing forces between interior prisms and exterior prisms 
 
Figure 4.39  Development of competency with for test series 2 
 
Figure 4.40 Development of pore pressure with time (Test N1) 
 
Figure 4.41  Development of pore pressure with time (Test N2) 
 
Figure 4.42  Development of tank settlement with time after loading (Test N1) 
 
Figure 4.43  Development of tank settlement with time after loading (Test N2) 
 
Figure 4.44  Effect of thickness of sand on settlement 
 
Figure 4.45  Development of average settlement with applied pressure from tank for 
test series 2 
 
Figure 4.46  Tensile test response of meshed paper 
 
Figure 4.47  Development of pile axial force with time (Test G1) 
 
Figure 4.48 Development of pile axial force with time (Test G2) 
 
Figure 4.49  Development of pile axial force with time after loading stage (for pile 
type A, B, C and D) 
 
Figure 4.50  Development of pile axial force with time after loading stage (for pile 
type E, F, G and H) 
 
Figure 4.50  Development of pile axial force on time (Test G1) 
 
Figure 4.51  Comparison of efficacy for using geotextile and without geotextile 
 
Figure 4.52  Comparison of competency for using geotextile and without geotextile 
 
Figure 4.53  Development of settlement with time (Test G1) 
 
Figure 4.54  Development of settlement with time (Test G2) 
 




Figure 4.56  Comparison of settlement for Test G2 (geotextile) and A4 (without 
geotextile) 
 
Figure 4.57  Development of average settlement with applied pressure from tank for 
Tests A1 and G1 
 
Figure 4.58  Development of average settlement with applied pressure from tank for 
Tests A4 and G2 
 
Figure 4.59  Development of pore pressure with time (Test G1) 
 
Figure 4.60  Development of pore pressure with time (Test G2) 
 
Figure 4.61  Results of Test A4 (a)Zinc Chloride pressure measured by 2 PPT at 
tank base; (b)Development of pile axial force with time; 
(c)Development of tank settlement after loading stage and 
(d)Development of pore pressure with time. 
 
Figure 4.62  Development of average settlement with applied tank pressure for 
Tests S1 and A4 
 
Figure 4.63  Configuration of pile plan layout (a) Test S2; (b) Test S3 
 
 
Figure 4.64 Results of Test S2 (a)Development of pile axial force with time; 
(b)Development of tank settlement after loading stage and 






























LIST OF TABLES 
 
 
Table 2.1  Manufacture details and stress-strain characteristics of full scale                    
geotextiles (after Springman et al., 1992) 
 
Table 2.2  Stress-strain characteristics of model geotextiles (after Springman et al., 
1992) 
 
Table 3.1  Scaling Relation of Centrifuge Modelling (after Leung et al., 1991) 
Table 3.2  Properties of Malaysian Kaolin Clay 
Table 3.3  Properties of Toyoura Sand 
 
Table 3.4  Properties of model tank 
 
Table 4.1  Summary of centrifuge model tests 
 
Table 4.2  Axial force of instrumented piles for different pile cap area ratio (Test 
A1, A2, A3, A4 and A5) 
 
Table 4.3  Axial force of instrumented piles for different thickness of sand (Test 
N1, A4 and N3) 
 
Table 4.4 Summary of Quantities Modeled (Geotextile) 
 
Table 4.5  Efficacy and competency for 0.06 pile cap area ratio: (a)without 
geotextile (Test A4);  (b)with geotextile (Test G1). 
 
Table 4.6  Efficacy and competency for 0.25 pile cap area ratio: (a)without 
geotextile (Test A4);  (b)with geotextile (Test G2) 
 
Table 4.7  Efficacy and competency for Test S1 
 
Table 4.8  Efficacy and competency for Test S2 
 











1.1  BACKGROUND 
Existing case studies on oil storage tanks supported on soft soils (Bell and 
Iwakiri 1980; Brown and Paterson 1964; Clarke 1969; D’Orazio and Duncan 1987; 
Green and Height 1975; Marr et al. 1982) reveal that shear failure of the foundation or 
excessive settlement of tank due to compression of the soft soils can lead to tank 
rupture or even complete failure. Foundation instability in the form of shear failure 
can be evaluated using conventional bearing capacity theories that take into account 
the thickness of the weak soil layer beneath the tank in comparison with the tank 
width (Duncan & D’Orazio, 1984). The case histories presented illustrate two 
important points: 
1. Foundation instability may develop quickly or slowly. This often results in 
large non-uniform settlements and tilting of the tank, and can lead to complete 
rupture of the tank. 
2. Tanks can be stabilized by installing piles to support the tanks. 
Soft soil can be reinforced by gradual filling of the tanks at such a rate that the 
gain in soil strength under the applied loads would ensure stability. However, this 
method is time consuming and may not be feasible when the program of construction 
was compact due to the need for of early availability of tanks (Thornburn et al., 1984). 
Other measures that can be taken to enhance stability include replacement of 
soft ground with compacted material, reinforcement of the soft ground and various 
techniques to strengthen and modify the soft ground. Pile raft foundation can be used 
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to transfer the load from the storage tank to more competent soil strata below. 
However, it is recognized that the tank base slab may not be sufficiently flexible to 
accommodate the differential settlements. 
  An alternative tank foundation system involves constructing a group of piles 
beneath the tank with individual pile cap as shown in Figure 1.1. Piles are usually 
installed with the same center-to-centre spacing to more competent soil strata below. 
A layer of dense compacted granular material is placed over the soft soil, and 
geotextile may be laid over the pile caps and soft ground. In design, it is necessary to 
know the distribution of applied load to the soil and the piles. One such study was 
done by Thornburn at al. (1984) in his field study of Molasses tank in Menstrie, 
Scotland. The investigation showed that over 90% of tank loads had transferred to the 
piles. Since the tanks were able to accommodate reasonable large settlements, the 
primary purpose of the piles was to provide sufficient bearing capacity in the short 
term. The results indicated that the selected foundation design appears to provide a 
reliable foundation for the tank farm. However, relatively few field studies have been 
reported apart from that by Thornburn. 
A numerical study was performed at the National University of Singapore by 
Khoo (2001) adopting the unit cell concept as a simplification of the pile group 
problem. Results were obtained from parametric studies by modeling the soil using 
both linear elastic and Mohr-Coulomb models. As this numerical study is rather 
simplistic and may not be representative of the actual condition.  
  Conducting field studies to investigate the behaviour of tank supported on 
piles are costly and take a long time. In addition, owing to changing ambient 
conditions such as fluctuation of groundwater level that may alter the test conditions, 
it is often difficult to control the test conditions in the field. In view of the 
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shortcomings of full-scale fields tests particularly with respect to cost, reduced-scaled 
model tests are attractive alternatives. 
 The constitutive behaviour of soil is highly non-linear and stress-dependent. If 
the reduced-scale model tests are carried out under unit gravity (1g) conditions, the 
soil stress states in the model tests do not simulate the conditions in the prototype due 
to highly reduced overburden pressures. The test results obtained from 1g model tests 
are hence not representative of the simulated prototype (Craig, 1984). One feasible 
solution to this problem is to conduct the model tests under high gravity. This may be 
achieved by placing the reduced-scale model on the platform of a rotating centrifuge. 
By doing this, the prototype stress conditions can be reproduced and consistent data 
can be obtained under well-controlled laboratory environment. Moreover, centrifuge 
model tests can be repeated. 
 
1.2  OBJECTIVES AND SCOPE OF STUDY  
A centrifuge model study is carried out to investigate the performance of piled 
foundations supporting oil tanks. The objectives of the study are as follows: 
a) To investigate the proportion of applied loads between the piles and the soil 
and the distribution of loads among the piles. 
b) To study the effects of pile cap size, height of dense granular material over 
insitu soft soil and application of geotextiles on load distribution and 
settlement of tank. 
The scope of the research is divided into three main series. Preliminary test 
was initialized without any ground treatment or installation of piles in the soft soil in 
order to study the bearing capacity failure of the soft soil. In the first series of tests, 
concentration was given on the influence of different pile cap size on the distribution 
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of tank loads between the piles and the soil. In these tests, the pile cap area ratios 
which is defined as the ratio of pile cap over the tributary area of the pile, ranges from 
6% to 30%. The second test series mainly focuses on the influence of thickness of 
dense granular material overlying soft soil. The third test series involves the  
application of geotextiles on the pile cap and soft soil.  
 
1.3  OUTLINE OF THESIS 
The following section briefly describes the contents of each chapter that 
follows: 
(a) Chapter 2 presents a literature review of existing research studies on stability 
and settlement of tank on soft clay. Existing field studies on failure of tank are 
also reviewed in this chapter. 
(b) Chapter 3 discusses the details of physical modeling in the present study 
covering scaling relations, experimental setup, sample preparation, test 
procedures, and data acquisition system. 
(c) Chapter 4 presents the detail of the results from all centrifugal tests. The load 
distribution among the piles and between the soil and piles are investigated in 
detail. Effect on foundation efficacy arising from pile cap size, thickness of 
overlying sand, presence of geotextile, different loading stages and reduced 
number of piles are investigated and practical implications are highlighted. 
(d) Chapter 5 summarizes the main findings of the present experimental study. 




































































Figure 1.1 Tank supported by a pile group with individual caps: (a) Cross 
section view; (b) Plan view. (Not to scale)
(a) 
(b) 






 Literature review was carried out to cover many aspects of the oil tanks 
foundation system. Since the behaviour of oil tank foundation is similar to piled 
embankment in some ways, the review will commence with arching in soil that often 
occurs in piled embankment. That is followed by the review of existing physical and 
numerical studies of piled embankment. The literature review then focuses on 
previous field and numerical studies on oil tank foundations. The differential 
settlements that often cause tank failure will be reviewed in details. Finally, attention 
is given to the design of geotextile that have been commonly used in pile embankment 
and the modelling of geotextile in centrifuge. 
 
2.2 ARCHING IN SOIL 
2.2.1 Terzaghi’s Theory 
Terzaghi (1943) defined arching effect as the transfer of pressure from a 
yielding mass of soil onto adjacent non-yielding parts. Figure 2.1(a) shows a layer of 
dry sand with unit weight γ placed on a platform having a narrow strip of trap door 
“ab”. As long as the trap door occupied its original position, the pressure on the trap 
drop as well as that on the adjoining platform was equal to γH. However, as soon as 
the trap door was lowered slightly, the pressure on the door decreased greatly whereas 
the pressure on the adjoining parts of the platform increased, see Figure 2.1(b). This 
was attributed to the shearing between the moving (yielding) sand mass and the 
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adjoining stationary sand mass, which resisted the descent of the mass of sand located 
above the yielding trap door. The pressure formerly exerted on the trap door was thus 
transferred onto the adjoining stationary platform, a phenomenon Terzaghi called 
arching. In Figure 2.1(c), the symbol b denotes the width of the long trap door, z is the 
height above trap door, σv is the actual vertical soil stress at any depth below the 
surface, and σvh is the vertical stress due to overburden assuming no arching. It can be 
seen that for z/b greater than 2.5, there is no relief of vertical stress due to arching, but 
immediately over the yielding trap door, σv is less than 10% of σvh. Thus the vertical 
pressure on the trap door can be greatly reduced by a slight downward movement of 
the trap door. 
 
2.2.2 Hewlett and Randolph 
Hewlett and Randolph (1988) developed an analysis on soil arching by 
considering the stability of arched region in sand. The analysis is developed based on 
arching in granular, free draining soil and considering the limiting equilibrium of 
stress in a curved region of sand between adjacent pile caps.  Figure 2.2 shows under 
plane strain situation, the arches are supported by continuous ledges. In this simplified 
analysis, the horizontal band of soil which contains the arch is assumed to be 
weightless and the sand in the infilling region (beneath the arches and in between the 
arches) is assumed to mobilise negligible soil strength. By considering the equilibrium 
of the arch, the efficacy of the pile support, E, which is defined as the proportion of 
applied load carried by piles, can be represented by the following equation:  
E = 1 – δ (1 – s/2H) (1 – δ)(Kp–1)       (2.1) 
where, 
       δ = b(pile cap width)/ s (centre-to-centre spacing between pile), 
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       H = height of embankment, and 
      Kp = Rankine passive earth pressure coefficient. 
When applied to embankment piling, arching above a grid of pile is 
considered and shown in Figure 2.3 where the vault is comprised of a series of domes. 
The crown of each dome being approximately hemispheric, its radius equals to half 
the diagonal spacing of the pile grid. In this case, the arches will fail first either at the 
crown or at the pile cap due to bearing failure. Consequently, two limiting conditions 
were considered in the analysis, the equilibrium at the crown (summarized in Figure 
2.3) and the possibility of bearing failure at the support (summarized in Figure 2.4). 
Analysis of the two conditions will lead to two different estimations of efficacy for 
the pile support and the lower one will be adopted for the design.   
 
2.2.3 Marston’s Formula for load on subsurface conduits  
A positive projecting conduit is defined by Splanger and Handy (1982) as a 
conduit installed with its top projecting upward into an embankment rather than being 
buried in a ditch (Figure 2.5). The positive conduit can be used in the embankment 
pile analysis to simulate the non-semicircular arch form for a remote pile. When a 
conduit is installed as a positive projecting conduit, shearing of soil plays an 
important role in the resultant load on the structure. The key to the direction of load 
transfer by arch action lies in the direction of relative movement or tendency for 
movement between the overlying prism of soil and the adjacent side prisms, as 
illustrated in Figures 2.5(b). In this case, the planes along which relative movements 
are assumed to occur, and on which shear forces are generated, are the imaginary 
vertical planes extending upward from the sides of the conduit, as indicated in Figure 
2.6. 
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The magnitude and direction of the relative movement between the interior 
prism ABCD and the adjacent exterior prisms, shown in Figure 2.6, are influenced by 
the settlement of certain elements of the conduit and the adjacent soil. These 
settlements are combined into an abstract ratio, called settlement ratio rsd, according to  
rsd  = [(sm + sg) – (sf+dc)] / sm         (2.2) 
where,    
     sm  = compression strain of the side columns of soil height ρBc, 
    sg  = settlement of the natural ground surface adjacent to the conduit, 
    sf  = settlement of the conduit into its foundation, and 
    dc  = shortening of  vertical height of the conduit. 
In connection with the settlement of a conduit, the critical plane is defined as 
the horizontal plane through the top of the conduit when the fill is levelled with its top, 
that is, when H = 0. During and after construction of the embankment, this plane 
settles downward. 
If the critical plane settles more than the top of the pipe, the settlement ratio is 
positive. The exterior prism moves downward with respect to the interior prism; the 
shear forces on the interior prism are directed downward, this is known as the positive 
conduit projection condition. 
The basic concept of the theory is that the load due to the weight of soil 
column above a buried conduit is modified by arch action in which part of its weight 
is transferred to the adjacent side prisms. Thus, the load on the pipe may be less than 
the weight of the overlying column of soil σr, which is similar to the arching effect for 
embankment piles.  
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If the embankment is sufficiently high, the shear force may terminate at some 
horizontal plane in the embankment which is called the plane of equal settlement. 
Above the plane of equal settlement, the interior and exterior prisms settle equally. 
When the height of equal settlement above the top of the conduit height He is 
greater than the embankment height, H, the plane of equal settlement is imaginary. 
This is referred to as the complete projection condition because the shear forces 
extend completely to the top of the embankment. A formula was derived for the 
vertical load, Wc on a positive projecting conduit. For the complete projection 
condition, the formula is 
Wc  = Cc γ Bc²         (2.3) 
Where, 
Cc  = [ e 2Kµ (H/Bc) - 1 ]/ 2Kµ,       (2.4) 
Bc = outside width of conduit, 
K = Lateral earth pressure coefficient, and 
µ = tan φ = coefficient of friction of fill material with friction angle φ. 
If the height of equal settlement above the top of the conduit height He is less 
than the embankment height H, the plane of equal settlement is real. This is called the 
incomplete projection condition, because the shear forces do not extend completely to 
the top of the embankment. For the incomplete conduit projection case: 
Cc  = [ e 2Kµ (H/Bc) - 1 ]/ 2Kµ + [H/Bc – He/Bc] e 2Kµ (H/Bc)    (2.5) 
where,  
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2.3 EMBANKMENT PILES 
2.3.1 Arching in pile embankment 
Model tests were carried out by Low et al. (1994) to investigate the arching in 
embankments on soft ground supported by piles with cap beams and geotextiles as 
shown in Figure 2.7. The cap beams were simulated by wooden blocks and the soft 
ground by rubber foam placed at the bottom of the tank. Three panels of the soft 
ground were instrumented with load cells placed beneath the plywood on which the 
soft ground rested. Each cap beam was instrumented with load cells. Dry sand was 
placed evenly on the entire cap beams and soft rubber foam using a sand rainer 
modified from an empty drum. Four ratios of beam width to clear spacing were 
investigated: 1:4, 1:5, 1:7.25 and 1:9.  
Unlike the externally controlled trap door, the differential settlement that 
induces arching in piled embankment is itself affected by the extent of arching. If a 
geotextile is placed, it will stretch as the soft ground settles; the resulting hoop tension 
will reduce the net pressure on the soft ground. Three related terms were introduced to 
assess the degree of arching in a sand fill, which is efficacy, competency, and stress-
reduction ratio. Efficacy is the percentage by weight of the sand fill carried by the cap 
beams. This parameter has a value equal to the area ratio (cap beam area/ tributary 
area of one cap beam) even when there is no soil arching. Competency is the ratio of 
the load on the cap beam to the weight of a column of soil having the same width as 
the cap beam. The stress-reduction ratio is the ratio of the actual average vertical 
stress on the soft ground to the value γH. The term competency is simply the average 
stress concentration factor on the cap beams; thus it is the counterpart of the stress-
reduction ratio of the soft ground.  
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Figure 2.8 shows that the results of the model tests. It can be established that 
efficacy increases with increasing area ratio. On the other hand, competency increases 
with increasing cap-beam spacing, but it is likely to approach a limiting value at large 
spacing. 
 
2.3.2 Load transfer in embankment piles by Tung  
At the National University of Singapore, Tung (1994) investigated the load 
distribution between the piles and subsoil by means of a laboratory model at 1g. The 
laboratory model consists of piles and a settlement board which simulates subgrade 
settlement, see Figure 2.9. Tung found that efficacy reaches a peak and then decreases 
gradually as subgrade settlement increases. 
 
2.3.3 Design Guidelines in BS 8006 
BS8006 (1995) Code of practice for strengthened/reinforced soils and other 
fill, incorporates a section entitled “Reinforcement used as a component to control 
embankment stability and settlement”. The guidelines are summarized in the two 
following clauses: 
 
2.3.3.1 Clause 8.3.3.3 Limit states 
Figures 2.10 and 2.11 show the ultimate limit state and serviceability limit 
state to be considered for basal reinforced pile embankment, respectively. 
 
2.3.3.2 Clause 8.3.3.6 Vertical load Shedding 
In order to prevent localized differential deformations to occur at the surface 
of embankment, the recommended embankment height, H is  
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H ≥ 0.7 (s-a)          (2.6) 
where,  
s is the spacing between adjacent piles, and 
a is the size of the pile caps. 
When there is a significant differential deformation between the piles and the 
surrounding soft ground, soil arching will induce greater vertical stress on the pile 
caps than the surrounding ground, see Figure 2.12. By applying the Marston’s 
formula for positive projecting subsurface (Equation 2.3), the ratio of vertical stress 
on the pile caps, P’c to the average of vertical stress at the base of embankment, σc’, 











σ          (2.7) 
where, 
Cc is arching coefficient 
= 1.95H/a – 0.18 for end-bearing piles (unyielding), or  
= 1.5H/a – 0.07 for friction and other piles. 
 
On the other hand, the distributed vertical load (WT) acting on the 
reinforcement between adjacent pile caps can be determined from 
For H > 1.4 (s – a ), then  







      (2.8) 
For 0.7(s – a ) ≤ H ≤ 1.4 (s – a ) 







      (2.9) 
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where, ffs is the partial load factor for soil unit weight, and fq is the partial load factor 
for external applied load. 
 
2.4 TANK SUPPORTED ON PILES 
2.4.1 Field study 
A case study of storage tanks founded on soft soils reinforced with driven 
piles in Mentrie, Scotland was presented by Thornburn et al. (1984). The ground 
condition consists of soft alluvium deposited of approximately 100 m thick. 
Consideration was given to the use of a reinforced concrete slab foundation supported 
directly on piles, but it was recognised that the slab had to be sufficiently flexible to 
accommodate the differential settlement of the tank. Therefore, it was finally decided 
to construct separate 1m square concrete caps on each pile. The piles were installed in 
a triangular configuration with 2 m spacing and were driven to a specified depth of 
penetration. A 2 m thick dense granular material was placed over the pile caps and 
incorporated with a 150 mm thick reinforced concrete membrane to resist the 
tendency for any lateral spreading of the reinforced soil at the top of the driven piles, 
see Figure 2.13. 
  The installation of driven precast reinforced concrete piles under the circular 
granular base of the tank structures strengthens and stiffens the soft alluvial deposits. 
The resistance of the pile groups comprise the total shear resistance mobilised along 
the shaft of the piles and the total base resistance of the piles. 
Settlement measurements were taken around each tank periphery and beneath 
each tank. Each tank was subjected to a water test with a full load maintained for 4 
hours. The results indicate that generally 75% of the recorded settlements occurred 
within the first 9 months of the operation and that the settlements appeared to have 
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stabilised after 24 months. The results did not indicate any significant differential 
settlements between the center and periphery of the tanks. The adopted design was 
established to provide reliable foundations for the tank farm. 
 
2.4.2 Numerical study  
At the National University of Singapore, Khoo (2001) analysed the soil-pile 
composite system (Figure 2.14) consisting of piles installed through soft soil to 
partially transfer tank load onto the more competent residual soil, with the remaining 
load sustained by the soil lying immediately below the tank. The analysis assumed 
that compacted granular fill would behave like a “stiff cushion” and allow for the 
spreading of tank load over a wider area onto the piles and the soil beneath the tank. 
The unit cell concept was adopted by considering an axisymmetric problem 
involving a uniform radial cross-section. In the analysis, all piles in the group are 
assumed to be identical having similar performance. Deformation and stress states are 
assumed to be identical in any radial direction. Linear elastic model and Mohr-
coulomb model were used in the analysis by considering both drained and undrained 
conditions. Parametric studies were conducted on gravel thickness, stiffness of gravel 
layer and pile cap size. 
 Khoo (2001) found that the thickness of gravel layer does not considerably 
affect the percentage of load taken by the piles. However, the gravel should have a 
minimum thickness and be sufficiently compacted. The increase in stiffness of the 
gravel layer helps to sustain and effectively transfer the load to the piles as the 
foundation behaves almost like a raft foundation. Similarly for the pile cap size, a 
larger cap helps to better transfer the load to the piles. Figure 2.16 shows the results of 
percentage load on the piles for both Mohr-Coulomb and linear elastic model. 
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2.5 CRITERIA FOR SETTLEMENT OF TANK 
A storage tank consists of four main structural elements: shell, bottom plate, 
connection of shell to bottom plate and roof. The criteria for differential settlement 
were established by focusing on particular structural elements of the tank. Marr et al. 
(1982) proposed a criteria for the settlement of tanks derived from several field cases. 
Most tanks settle in a combination of patterns shown in Figures 2.17 and 2.18. The 
development of differential settlement may be due to non-homogeneous 
compressibility of the soil deposits, non-uniform distribution of applied loads and a 
uniform stress acting over a limited area of the soil stratum. Geotechnical engineers 
seek to minimise differential settlement by keeping the applied load considerably less 
than the bearing capacity of the foundation and the soil deformation arising from 
volume and shear strains in the foundation within permissible limits. 
Figure 2.18 reveals that the detrimental settlement pattern that a tank 
foundation may develop, the probable foundation conditions which produce each 
pattern and the adverse condition that could result from the respective cases. The 
mechanism of failure implied by each criterion, the structure element to which it 
applies and the basis for each criterion were identified.  
 
2.5.1 Differential settlement of tank 
Observations of settlement of tanks on compressible soils provide valuable 
data basis for the understanding on the performance of tank foundation. According to 
Duncan and D’Orazio (1987), the factors for tank damage due to settlement are the 
shape of the settlement dish and the magnitude of differential settlements. Two field 
cases were presented to examine the effect of the shape of settlement dish. Tank T-
212 (Figure 2.19) recorded the maximum settlement of about 1.2 m beneath the centre 
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with the settlement at the edge about half as much. However, there was no observed 
damage of the tank. Another tank T-1701 recorded a maximum settlement of about 
0.36m at a point between the center and the edge of the tank. The settlement at the 
edges and the center was less than 0.1m. Although the differential settlement of tank 
T-1701 was about 50% of tank T-212, the tank ruptured due to severe distortion at its 
bottom, see Figure 2.20.  
The effect of the shape of settlement dish was further investigated by studying 
the settlement profiles of another 31 tanks. The measured normalized settlement 
profiles were found to follow one of the three shapes shown in Figure 2.21. Tanks 
with settlement profile shape A settle most at the center, and their settlements 
decrease smoothly along the edge. Tanks with settlement profile shape B have 
relatively flat interior with settlements decreasing rapidly toward the tank edge. Tanks 
with settlement profile shape C settle most at location about 2/3 of the distance from 
the center to the edge of the tank. For the same magnitude of center-line settlement, 
these settlement profile shapes produce different amounts of distortion in the tank 
bottom. Shape A is the least severe with respect to distortion and shape C is the most 
severe. 
The ability of tanks to withstand interior differential settlements can be 
classified into two types: 
1. The maximum settlement occurs at the center of tank and the recommended 
criteria are based on the differential settlement between the center and the 
edge, divided by the tank diameter. 
2. The maximum settlement may occur at a point between the edge and the 
center. The recommended criteria are based on the differential settlement 
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between the point of maximum settlement and the edge and the distance 
between them. 
             Figure 2.22 shows the plot of settlement measured and the corresponding 
damage criterion. These proposed criteria are applicable to the full range of possible 
settlement profile shapes, and are yet based on quantities that can be readily 
calculated. It is observed that different differential settlement can be tolerable for 
different shape. The measured settlements and the criteria can be expressed in the 
ratio below 
DD
edgecenter ρρρ −=∆                  (2.10) 
where, ∆ρ = differential settlement between center and the edge of the tank, 
D = tank diameter, 
ρcenter = center settlement, and 
ρedge = edge settlement. 
 Using the information shown in Figure 2.22, the criteria for tolerable amounts 
of differential settlement can be established, as follow: profile shape A, ∆ρ/D = 0.025; 
profile shape B, ∆ρ/D = 0.015; profile shape C,  ∆ρ/D = 0.005. It can be seen that 
least differential settlement is tolerable for shape C. Thus it is important to anticipate 
the tank base settlement shape. 
 
2.6 DESIGN CONCEPT OF GEOTEXTILE IN PILED EMBANKMENT  
In piled embankment, the purpose of placing geotextile on top of the piles is to 
restrain the lateral movement of piles and to enhance the arching mechanism in the fill. 
Fluet and Christopher (1986) considered the situation shown in Fig 2.23 and assumed 
that the geotextile deformed into a circular arch with radius RG and an angle 2θ at the 
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centre. Treating the geotextile as being loaded only by the soil within the region ABC 
with soil arching transferring the rest of the load onto either side of BC, Jones at al. 
(1986) suggested that the average unit load, WT acting on top of the geotextile can be 
expressed as: 
WT = 0.5 g (RG – b)                 (2.11) 
where b is maximum vertical geotextile deflection. 
The average geotextile strain, εG is: 
εG = [RGπθ – b]/ a                (2.12) 
where a is the span width.               
The determination of the tensile load in the geotextile is by iteration. The first 
step is to estimate the geotextile deflection b, enabling θ, RG, and hence total 
geotextile tension, TT can be calculated. The corresponding geotextile strain is then 
deduced from the geotextile’s load extension data. If this is significantly different 
from the average geotextile strain (εG) founded in Equation 2.12, the procedure is 
repeated until the strain and tension are compatible with each other. 
 
 
2.7 MODELING OF GEOTEXTILE IN CENTRIFUGE 
Sim (1998) modelled geotextile-bamboo fascine mattress shown in Figure 
2.24 in her centrifuge model to study the bearing failure in soft ground. She stated that 
the most important geotextile property is its tensile strength. All fabric applications 
depend on this property either as the primary function (as a reinforcement applications) 
or as a secondary function (as in separation, filtration or drainage). In the centrifuge 
test, a meshed paper was used to model geotextile (polyfelt geotextile TS720). At the 
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unit of tensile strength for geotextile is kN/m, the scaling relationship between the 
prototype and model is N : 1. 
Springman et al. (1992) investigated the scaling relationships for a 
geotechnical centrifuge model for woven and grid soil reinforcements, and the stress-
strain geometric characterisation of textile response of small scale models. Figure 
2.25 shows the geometric characterisation of textile or grid reinforcement having 
width of longitudinal tensile strand b1, lateral spacing between strands s1. The lateral 
aperture a1 = s1 – b1 (to form an open net if a1 > 0). The width b2 and spacings s2 give 
aperture a2 created by lateral strands. The tensile capacity is proportional to the cross-
sectional area of the reinforcement/unit width of sheet, A (=πb12/4s1). 
Springman et al. (1992) proposed that the area A would be reduced by a factor 
N, so that the strength T mobilized/unit width at any given strain would likewise be 
reduced by factor N. This scaling requirement, however, is inconvenient to achieve by 
reducing both strand diameters and spacings. Consideration was given by retaining 
full scale strand diameter b, but to increase the spacing s. To assess this simplified 
approach, it is necessary to consider the other major integrated property, frictional 
bond. 
The frictional bond will depend on whether the longitudinal strands will 
participate in a sheet-like displacement, or slip relative to soil (particle diameter d) in 
the intervening apertures. The ratio s2/d will be significant in considering the 
possibility of relative movement between the reinforcement and the soil within the 
apertures, since a shear band formed in the soil requires a thickness of 5d to form. A 
ratio s2/d should force the soil particles to be trapped in the aperture so that the mesh 
acts as a perfectly rough sheet. It is clear that the significant prototype properties are : 
for tension, N•T as a function of  specified test conditions; for frictional bond fa. 
Chapter 2 Literature Review 
 21
Table 2.1 shows the details and stress-strain response for a typical proprietary full 
scale multifilament woven geotextile and a monofilament geogrid. If the centrifuge 
model is subject to Ng, then the stiffness and scaled strength at ε = 1%, and strength at 
ultimate load are E1, NT1 and NTult (Table 2.2).  
 
2.8 SUMMARY OF LITERATURE REVIEW 
  Literature review on oil storage tanks built on soft clay reveals that piles are 
required to support the tanks. However, the design method for such oil tank 
foundation has not been fully developed. Although considerable research studies have 
been carried out on the load distribution and arching effect of piled embankment, 
relatively few studies have been carried out to investigate the performance of oil tank 
foundation. At present, there is no generally accepted method or criteria to design oil 
tank supported by a pile group with individual pile caps.  
 For oil tank foundation design, the choice of parameters like pile cap size, 
thickness of granular material and use of geotextile are important. However, these 
factors have not been investigated in detail by early researchers. The lack of reliable 
physical model studies of oil tank foundation forms the main motivation of the 
present study. Centrifuge modelling is one possible means to produce good and 
reliable data, not to mention its ability to simulate the prototype stress level. It also 
enables the model to be instrumented effectively. Moreover, the soil model can be 
prepared in a well-organised sequence, using soil where properties can be replicated 
accurately. Therefore, centrifuge model study is carried out in the present study to 




























































Figure 2.1 Terzaghi’s trap door experiment. (a) Cross section view : ab is the 
trap door. (b) Pressure on platform and trap door before and after slight lowering 
of door. (c) vertical stress from top of sand to trap door. (after Terzaghi, 1936 
and Terzaghi and Peck, 1976) 




















































Figure 2.2 Section through a piled embankment (after Hewlett and Randolph, 1988) 




















































Isometric view of the general arrangement 
The diagram on the left represents a 
diagonal section through a pile cap 
and dome crown  
Figure 2.3 Domed analysis of crown stability in piled embankment (after Hewlett and 
Randolph, 1988) 




















































Detailed on an element of arched sand 
above the pile cap
Figure 2.4 Domed analysis of cap stability in piled embankment (after Hewlett and 
Randolph, 1988) 




















































Figure 2.5(a) Positive Projecting Conduit, (b) Free body diagram for 
Ditch Conduit (after Splanger and Handy, 1982)
(b) (a) 
Figure 2.6 Settlements which influence loads on positive projecting 
conduits (incomplete projection conduit) (after Splanger and Handy, 1982) 





















































Figure 2.7 Model study by Low (a) Cross section of model soft ground 
and cap beams (b) Details of model cap beams (after Low et al., 1991) 
(b)  




















































Figure 2.8 Results of model tests (after Low et al., 1991) 
 

























Figure 2.9 Experimental setup of piled embankments (after Tung, 
1994)




















Figure 2.10 Ultimate limit state for basal reinforced piled embankment (after 
BS 8006, 1995)




















































Figure 2.12 Loading diagram for basal reinforced piled embankment 
(after BS 8006, 1995) 
Figure 2.11 Serviceability limit state for basal reinforced piled embankment 
(after BS 8006, 1995) 




















































Figure 2.13 Cross section of tank at Menstrie Tank Farm (after Thornburn et al., 1984)




















































Figure 2.14 Proposed soil-pile composite system by Khoo (2001) 
Figure 2.15 Numerical model for pile without cap and with cap (after Khoo, 
2001)




















































(a) Mohr-Coulomb Model Results (a) Linear-Elastic Model Results 
Figure 2.16 Results of percentage load on piles (after Khoo, 2001) 




















































Figure 2.17 Settlement pattern for tank (after Marr et al., 1982) 
 




















































Figure 2.18 Detrimental settlement pattern of tank foundation (after Marr et al., 1982) 




















































Figure 2.19 Settlement of tank T-212 (after Duncan and D’Orazio, 1987) 
 
Figure 2.20 Interior settlement of tank T-1701 Tank (after Duncan and D’Orazio, 
1987) 




















































Figure 2.21 Normalized settlement of tank bottom (after Duncan and D’Orazio, 1987) 




















































Figure 2.22 Settlement damage criteria for steel tank (after Duncan and D’Orazio, 1987) 




















































Figure 2.23  Fully flexible circular arch analysis (after Fluet and Christopher, 1986) 
 
By geometry,  
a = 2RGsinθ 
b = RG (1 – cosθ) 
TT = RG (WT – WB) 
and,  
b/a = (1 – cosθ)/2sinθ  = 0.5 tan θ/2 
where WB is the average unit reaction acting on the underside of geotextile 




















































Figure 2.25 Geometric characterization of reinforcement (after Springman et al., 1992) 
Figure 2.24 Wooden sticks and meshed paper to model geotextile-bamboo fascine mattress 
(after Sim, 1998) 



















































Table 2.1 Manufacture details and stress-strain characteristics of full scale            
geotextiles (after Springman et al., 1992) 
Table 2.2 Stress-strain characteristics of model geotextiles (after Springman et al., 
1992) 
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CHAPTER THREE 
EXPERIMENTAL SETUP AND PROCEDURE 
 
 
3.1 INTRODUCTION  
This chapter first presents the principles and scaling relationship of 
geotechnical centrifuge model tests. This is followed by a description of the National 
University of Singapore Geotechnical Centrifuge. The model setup package for the 
present study is then introduced. The properties of the clay and dense sand, the 
fabrication of the model pile and model tank are elaborated. The technique of 
measuring the load and settlement of tank are also presented. This is finally followed 
by the test procedures including the preparation of sand and clay. 
 
3.2 CENTRIFUGE MODEL PRINCIPLES AND SCALING RELATIONSHIPS 
In geotechnical engineering, full-scale field tests are rarely performed because 
they are usually expensive, time-consuming and inconvenient. Furthermore, the 
inability to control test conditions and soil parameters in the field makes it impossible 
to carry out parametric studies. On the other hand, reduced scale model tests under 
well controlled soil condition and close data monitoring may be an attractive 
alternative to study a geotechnical problem. However, the stress level exists in the 
prototype cannot be reproduced in a reduced scale model. Since soil bahaviour is non-
linear and highly stress-dependent, the test results thus obtained cannot be 
extrapolated to prototype scale. By subjecting 1/N model scale in a geotechnical 
centrifuge to an enhanced gravitational field N times the earth gravity, the prototype 
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stress levels can be simulated in the reduced model, and the model test results can 
then be used to interpret prototype behaviour in a rational manner. 
The idea of centrifuge testing using small-scale model was first proposed by 
Edouard Philips in 1869 to study the elastic behaviour of bridge (Craig, 1989). 
However, Philips’s idea did not come to fruition in the nineteenth century. According 
to Craig (1989), the first mention of centrifuge modeling in geotechnical literature 
was at the First International Conference on Soil Mechanics and Foundation 
Engineering in 1936. Nowadays, geotechnical centrifuge modeling techniques has 
been successfully applied to study a wide range of geotechnical problems such as 
deep excavations and tunnels, embankments and slopes, shallow and deep foundations, 
gravity caisson, land reclamation, etc.  
  
3.2.1 Basic Scaling law 
 The scaling relationships between a small-scale model and its full-scale 
prototype can be derived either by dimensional analysis or consideration of the 
governing equations and system mechanics. A list of commonly used scaling relations 
is shown in Table 3.1 (Leung et al., 1991). The centrifuge model test results in the 
present study will be extrapolated to their prototype scale by appropriate scale factors 
shown in the table. Table 3.1 also reveals that there are conflicts in the scaling 
relations for the different time dependent phenomena in centrifuge modeling. This 
may not pose a problem if only one dominant physical phenomenon is to be preserved 
and the others are insignificant in the problem considered. In the present study, the 
consolidation time scaling was chosen as the flow of zinc chloride as loading 
(dynamic phenomena) is relatively insignificant as compared to the soil consolidation 
phenomena. 
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3.2.2 Non-uniform Acceleration 
Non-uniform acceleration field created in centrifuge models is an important 
scale effect. The earth gravity is uniform for the practical range of soil depths. For 
physical modeling in centrifuge, there is slight variation in the acceleration field. As 
the inertial acceleration is proportional to the radius of rotation, Taylor (1995) showed 
that this effect can be minimized by choosing the effective radius as the distance from 
the central axis to one-third depth of the model. Figures 3.1 and 3.2 illustrate this 
concept. However, for most geotechnical centrifuge, hm/Re ratio (where hm is the 
depth of model at specific level and Re is the effective centrifuge radius) is less than 
0.2 and therefore the maximum error in the stress profile is minor and generally less 
than 3% of the prototype stress. 
 
3.3 EXPERIMENTAL SETUP 
 All the centrifuge model tests described in the present study were conducted at 
50g using the National University of Singapore (NUS) Geotechnical Centrifuge. An 
overview of this facility, which is the first and only one in the Southeast Asia, is given 
in this section. This is followed by a detailed description of the model package for the 
present study. 
 
3.3.1 NUS Geotechnical Centrifuge 
 A detailed description of the NUS Geotechnical Centrifuge is given by Lee et 
al. (1991). The centrifuge has a payload capacity of 40 g-tonnes. This means that with 
40 tonnes of load, the centrifuge can be operated up to an acceleration level of 100 
times the earth’s gravity. The swing platform at each side has a headroom of 1.2 m 
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and a working area of 750 mm x 700 mm. The radial distance from the center of 
rotation to base of the model container is 1.87 m.  
 Copper-graphite slip rings are used to transmit signals from the centrifuge to 
the control room. From the control room, DC voltage is supplied and transmitted to 
the transducers via the multi-way connector, slip rings and junction box. Similarly, 
signals from the transducers and strain gauges are routed through the same junction 
box, multi-way connectors, and slip rings to the control room. In the control room the 
signal received is filtered to reduce the noise. Figure 3.3 shows the side elevation of 
the centrifuge and Figure 3.4 shows a photograph of the centrifuge. 
 
3.3.2 Model package 
This section provides detail information on the model setup for the present 
study. Figure 3.5 shows the model package and the main features of the model 
package are introduced in this section.   
 
3.3.2.1 Model container 
A stainless steel cylindrical container is used as the soil container. The internal 
diameter of the container is 500 mm and its internal height is 400 mm. The wall of the 
soil container is 4 mm thick. For the present model study, the walls are stiff enough to 
withstand high g. During the preparation of the model, the internal faces of the 
container are coated with silicon grease to reduce the soil-wall friction of the model. 
 
3.3.2.2 Kaolin clay  
The soil used to simulate the soft ground is normally consolidated Malaysian 
kaolin clay. Standard procedures have been adopted to ensure the reproduction of the 
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model ground with similar stress profile in each test. Kaolin clay was chosen because 
of its high permeability, which would reduce the required soil consolidation time 
considerably.  The properties of Malaysian kaolin clay are summarized in Table 3.2. 
 
3.3.2.3 Dense sand 
The thickness of the soil bed in the present test is 45 mm. The soil used is 
Toyoura sand (TOS) which is a well known Japanese test sand with mechanical 
properties documented by numerous researchers like Tatsuoka et al. (1986) and 
Tatsuoka and Shibuya (1991). Toyoura sand is a uniform medium-to-fine quartz sand 
and does not contain fines. The grain size distribution curve and its main physical 
properties are shown in Figure 3.6 and Table 3.3 respectively. 
The sand samples used here were characterized by relative density (Dr) which 








         (3.1) 
Where, emin  = minimum void ratio, 
 emax  = maximum void ratio, and 
e  = in-situ void ratio. 
Relative density, Dr is the primary controlling factor for the deformation and 
strength characteristics of sand (Takemura et al., 1998).  As can be seen from Figure 
3.7, conventional triaxial test on Toyoura Sand show that there is a correlation 
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3.3.2.4 Particle size effect 
In centrifuge model pile tests, pile width (or diameter) and length will be 
scaled down accordingly. However, the particle size of soil remains unchanged. For 
example, if Toyoura sand with a mean grain size, D50, of 0.16 mm is subject to 50g, 
the grain size is effectively increased by 50 times relative to the pile dimensions. In 
clayey soil, the effect is likely to be negligible since the grain sizes are likely to 
remain much smaller than the model piles. Many research studies have been 
conducted to study the grain size effect on centrifuge modeling. For example, Ovesen 
(1979) investigated the scale and grain size effects for footing and buried anchors. 
 The grain size effect on pile diameter was investigated by Bolton et al. (1993) 
who concluded that if the pile diameter to mean grain size ratio exceeds 20, the scale 
effect would be insignificant. In the present study, the pile width is 6 mm and the 
mean grain size of Toyoura sand is 0.16 mm. Thus, the ratio is 37.5 and hence, the 
grain size effect is deemed to be insignificant. 
 
3.3.2.5 Model pile and pile cap 
The model pile was fabricated from solid square aluminium rod of 6 mm by 6 
mm.  At the top of the model pile, a M3 female thread size was provided to 6mm 
depth. This enables the pile cap to be attached rigidly to the top of pile with a M3 
countersunk screw (Figures 3.8 and 3.9). The square pile cap was fabricated from the 
small aluminium plate with 3 mm thickness. 
The model pile can be simulated as follows. By comparing the stiffness of the 
model pile and that of prototype, one can obtain 
Em Am N² = Ep Ap         (3.2) 
where  Em = Modulus of elasticity of model pile, 
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Ep = Modulus of elasticity of prototype pile, 
Am = Area of model pile, and 
Ap = Area of prototype pile. 
Figure 3.10 shows a comparison of the model and prototype pile parameters 
and the calculation for equivalent diameter of the prototype pile. The model pile 
hence simulates a prototype solid square precast concrete pile of 465 mm width. 
 
3.3.2.6 Fabrication of model instrumented pile 
 To monitor the axial load distribution in the pile, the pile shaft was 
instrumented with strain gauges at 10 mm below the pile top. The details of the 
instrumented pile are shown in Figure 3.11. A circuit comprises 4 strain gauges 
bonded on the external surface of the pile shaft and wired together to form a complete 
Wheatstone bridge.  
There are many types of strain gauges available commercially. The accuracy 
of strain measurement depends on several factors such as gauge length, gauge 
resistance, gauge factor, bondage, environment condition etc (Herman, 1967). It is 
known that a large gauge resistance will reduce heat generation for the same applied 
voltage across the gauge. A larger gauge factor will give bigger output strain for the 
same gauge resistance under the same applied voltage. The selection of strain gauges 
actually depends on many factors such as the magnitude of the force to be measured 
and the surface area to be mounted. In consideration of the small size of the model 
pile and large vertical load in most cases, strain gauge type TML FLA-1-23 is 
selected in the present study. The matrix size of the selected strain gauge is 5 mm 
long and 3.5 mm wide and its gauge resistance and gauge length is 120 Ω and 2 mm, 
respectively.  
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To install a strain gauge on to the model pile, the pile was first cleaned to 
remove dirt, paint or oil and then polished with sand paper. After roughening the 
model pile surface, acetone chemical water was utilized to clean the surface to ensure 
a good bonding of the adhesives. Marked lines parallel and perpendicular to the pile 
axis were also introduced to mark the exact position of the strain gauges. CN adhesive 
was then applied on the back of strain gauge prior to attaching it at appropriate 
location. Strong thumb-pressure was applied to the gauge via a polythene sheet for 
about a minute. After the adhesive hardens, the gauge lead was carefully soldered to a 
gauge terminal by using tweezers to prevent the sensitive gauges from damage. A 
lacquer-coated copper wire of 0.2 mm diameter was then soldered at the end of the 
terminal and connected to another terminal mounted around the aluminum pile close 
to the pile head position. The copper wires from all the terminals were aligned along 
the pile shaft and bonded using adhesives and then connected to the terminals near the 
pile head position. Figure 3.8 shows a partially finished and finished instrumented pile. 
The gauge resistance was checked to ensure all the gauges worked properly before 
applying epoxy coatings. 
 The epoxy coating is made of a mixture of Eporez 28 (liquid epoxy resin) and 
Eposet 68 (curing agent for liquid epoxy resin) in the proportion of 5 to 3 by mass. A 
small mold (from hard paper) was placed to cover the top 20mm of the pile. With the 
two end blocked with Plastic/sealing tap, epoxy was poured into the pipe through the 
side opening of the mold. When the epoxy had hardened sufficiently, the mold was 
removed from it. The completed instrumented model pile will have the dimension of 9 
mm x 9 mm at the top 20 mm of the pile shaft.  
Figure 3.12 shows a wheatstone bridge circuit of four strain gauges. Such 
circuit enhances the measurement accuracy by temperature compensation and 
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elimination of effects due to bending. For a wheatstone bridge circuit of four strain 
gauges with the same resistance inside the circuit, the output of the circuit can be 
approximately written as  
∆E= E/4 K (ε1 + ε3  - ε2  - ε4 )        (3.3) 
where ∆E = Voltage output, 
E = excitation voltage, 
K = gauge factor, and 
ε1 , ε3 , ε2 , ε4 = strain in each of the 4 gauges. 
 
3.3.2.7 Calibration of model pile 
A strain meter (Portable Data Logger, TDS-303, Mode-RS 232C) is used to 
record the strain gauge signals from the model pile. The output of the strain gauges is 
monitored frequently without applying any load at the top for 14 hours at 1g in order 
to sure that the drift of the strain gauges is sufficiently small. 
The model pile was then calibrated using a setup as shown in Figure 3.13. The 
calibration was performed by slowly releasing the load from the forklift. For each 
increment of load, the corresponding gauge reading was recorded. The assumption for 
this calibration is that the loads recorded at 50g are assumed to be identical to those at 
1g condition. 
 
3.3.2.8 Pore pressure transducer (PPT) 
 Druck PDCR81 miniature pore pressure transducer were employed to measure 
the pore pressure in the soil (Konig et al., 1994). Two different capacities of PPT with 
maximum pressure of 300 kPa and 700 kPa, were used in the experiments. This 
transducer consists of a single crystal silicon diaphragm with a fully active strain 
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gauge bridge diffused into the surface. It has a porous filter stone placed in front of its 
diaphragm such that only water is in contact with the diaphragm. With its tiny size of 
8 mm long and 3 mm in diameter, it could be implanted into the soil easily. Before 
being placed inside the soil, the transducer was placed in a chamber evacuated by a 
vacuum pump for around 15 minutes to ensure no air bubbles were trapped inside the 
transducer. 
 The pore pressure transducers were calibrated by means of a calibrator 
specially manufactured for this purpose. By varying the pressure exerted on the 
diaphragm of the transducer, the corresponding output voltage from the transducer 
was recorded. The calibration factors obtained were found to be very close to those 
provided by the manufacturer. Sensitivity of these transducers is about 2.4 mV/V/bar. 
 
3.3.2.9 Displacement transducer 
Linear potentiometers with a full stroke of 50 mm were employed in this study. 
The excitation and maximum output voltage of these potentiometers are 10 VDC. The 
tank settlements were measured at five locations with one potentiometer at the center 
and the other 4 potentiometers at diametrically opposed corners of the tank (Figure 
3.5). All potentiometers were calibrated using a digital vernia calliper. For the 
potentiometers, the factors are determined to be 5.03, 5.09, 5.05, 5.06, and 5.06. 
Recalibration of the potentiometers reveals that the factors do not change significantly 
with time. 
 
3.3.2.10 Model oil tank 
The properties of the model oil tank are given in Table 3.4. The cylindrical 
tank was made of 1-mm thick stainless steel. This implies that the base of the tank 
Chapter 3 Experimental Setup and Procedure 
 53
simulates a relatively flexible 50-mm thick raft in prototype. It is important to note 
that the tank base thickness have a significant effect on the differential settlement. The 
tank was loaded by adding zinc chloride in-flight. The pressure due to zinc chloride in 
the tank was measured using miniature pore-water pressure transducer placed inside 
the tank.  
 
3.4 EXPERIMENTAL PROCEDURES 
 The experimental procedures start with the preparation of bearing stratum and 
then follow by preparation of clay sample. This is characterized by pre-consolidation 
of sample clay in both 1g and 50g. After pre-consolidation, 1g model setup was 
performed which include pile installation, pluviation of dense sand, installation of the 
transducers and placement of model tank. After that, the actual test was conducted in 
the centrifuge at 50g where the model was allowed to reconsolidate before the actual 
loading test was performed.  
 
3.4.1 Bearing stratum preparation 
The bearing stratum was prepared using Toyoura sand with high relative 
density (RD) of 90%. The dry Toyoura sand was pluviated through air into the 
cylindrical container from sand hopper as shown in Figure 3.14. The sand hopper 
moved in the horizontal plane followed the pattern of pluviation sweep (Figure 3.15) 
to cover the whole area of the container. Average RD of the sand bed so obtained 
depends on the size of the openings at the bottom of the hopper, which determine the 
mass flow rate, and the pluviation height (Passalacqua, 1991). The pluviation height 
can be kept constant by gradual upward adjustment of the wooden plate as the sand 
surfaces rises. By doing so, sand beds with fairly consistent and uniform relative 
Chapter 3 Experimental Setup and Procedure 
 54
density can be obtained. In the present tests, a raining height of 900mm was 
maintained throughout the sand preparation and a constant density of 15.86kN/m3 
(corresponding RD = 90%) was achieved.  
 For the preparation of saturated bearing stratum, the saturation process was 
adopted which involves allowing the water to seep into the bearing stratum from the 
inlets at the bottom of container. To prevent the bearing stratum from being disturbed 
by the ingress of the pore fluid during saturation, the rate of inflow was kept 
sufficiently slow.  
 
3.4.2 Clay preparation 
White dry kaolin powder was placed in a mixer with water to form a slurry at 
water content 120% (1.5 times the liquid limit of the soil). The clay slurry was 
allowed to mix thoroughly inside the mixer container under vacuum condition. The 
process of mixing lasted about 8 hours to ensure an almost fully saturated soil slurry 
with minimum trapping of air voids. Before pouring the slurry into the model 
container, the wall of the model container was cleaned and coated with a layer of thin 
silicon grease. Khoo et al. (1994) showed that this lubrication method could 
significantly reduce the side wall friction of the model container. The slurry was 
placed in the container under water to avoid air bubbles being trapped in the clay. 
The slurry was allowed to consolidate in 1g with subject to small increment of 
surcharge until 20ka. This process took about one week. The ground water level was 
maintained at clay surface level by fixing the outlet of drainage at the same level with 
clay surface. The container with the clay slurry is placed on the centrifuge swing 
platform. The centrifuge is then spun up to 50g to subject the soil to self-weight 
consolidation without any surcharge pressure. During the process of self-weight 
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consolidation, the soil surface settlements are monitored regularly by potentiometers. 
It took about 6 hours to reach the required degree of consolidation of clay sample.   
 
3.4.3 Installation of pile 
Pile installation was performed using the fabricated installation guide shown 
in Figure 3.16. The installation guide was used to install the piles vertically at an 
appropriate spacing. The installation of pile was done one at a time at 1g. It has been 
recognized that piles should be installed in-flight for an accurate simulation of 
prototype behaviour. The effect of pile installation at centrifuge acceleration level was 
examined by Craig (1984). He argued that if piles were installed at 1g, the following 
stress increase due to self-weight could overcome the initial increase in the horizontal 
stresses around the piles due to installation, and this could lead to a significant 
decrease in pile capacity. However, Craig (1985) reported that unlike sand, the 
difference in the pile capacity for piles installed in clay at 1g and at high g is 
relatively insignificant as the volume change during pile installation is relatively small. 
 
3.4.4 Installation of transducers and tank 
Two pore pressure transducers (PPT) were placed at 5 cm and 10 cm below 
the clay surface as shown in Figure 3.5. This is followed by preparation of the dense 
sand layer. Preparation of the top dense sand layer is identical to that of the bearing 
stratum preparation. However, a constant relative density of 80% was obtained based 
on a raining height of 400mm maintained throughout the sand preparation. After that, 
the model oil tank was placed in the center of container overlying the dense sand layer 
and all the displacement transducers are installed subsequently. 
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3.4.5 Soil reconsolidation 
It normally takes several hours to complete the entire model set up. The clay 
sample will swell during this period and it is necessary to reconsolidate the soil to 
ensure that the clay is again fully consolidated before the loading test. In the present 
study, the soil will reconsolidate under additional surcharge of tank and a layer of 
dense sand. The soil reconsolidation was deemed to be completed with the dissipation 
of excess pore pressures above 90%. This usually took about 1.5hrs. Stress condition 
of the clay sample after reconsolidation is illustrated in Appendix 2. 
 
3.4.6 Application of loading on tank 
The main loading test of the model foundation was performed after about 1.5 
hours reconsolidation. Zinc chloride was drained into the tank through a tube at a rate 
of about 0.85 kPa/sec, which is equivalent to 6.9 kPa/days in prototype scale. The 
final loading (total pressure about 200 kPa) was maintained for about 3.5 hours to 
allow consolidation of the soil beneath the model tank upon loading. 
 
3.5 DATA ACQUISISTION SERVOCONTROL SYSTEMS  
An automatic data acquisition system is used to record data for the tests. 
Analog signals from all transducers in the model package passing through the junction 
box are sent to the control room via the electrical slip rings. Figure 3.17 shows a view 
of the control room. Inside the control room, all signals are then passed through a 
group of NEC amplifiers with built-in low-pass filter to reduce noise. The filtered 
signals from the pore pressure transducers are amplified by 100 times using the DC 
amplifiers while the signals from potentiometers will be directly used without any 
amplification as they already have a maximum output voltage of 10V.  These 
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amplified data are passed through analog to digital converter and then to a computer. 
In the computer, the software called Dasylab is used to record and display the data in 
a predefined format. Figure 3.18 presents a schematic diagram to show the data 
collection process. 
 For this project, data are collected ten times per second. A program is used to 
determine the block averaged data from the raw data. The data are averaged 
continuously for every 5 seconds block data. 
 All these collected data are recorded in Volts and converted to actual unit by 
the corresponding calibration factor. To avoid errors in analyzing the data, 
spreadsheet programs are developed to directly convert the data to actual output and 
to plot the data automatically in a predefined format. 
 The outputs from the strain gauges are collected from the strain meter.  The 
stain gauge readings are recorded once in every five seconds. These data are stored 
separately in another computer. In both computers, the time setup is made identical to 









































































Figure 3.1 Initial stresses in a centrifuge model induced by rotation about a fixed axis 
correspond to gravitational stresses in the corresponding prototype (after Taylor, 1994) 
Figure 3.2 Comparison of stress variation with depth in a centrifuge model and its 
corresponding prototype (after Taylor, 1994) 




















































Figure 3.3 Side elevation of centrifuge of NUS 
Figure 3.4 Photo of NUS centrifuge with the model package mounted on the platform 
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Figure 3.7 Relationship between internal friction angle and relative density. (after 
Takemura et al., 1998) 
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Figure 3.8 Details of model pile 
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R1 and R3 : active gauges 
 





Figure 3.11 Arrangement of a bridge of strain gauges on pile surface 
Scaling relationship between model pile and prototype pile 
 
 Model Pile Prototype pile 
Material Aluminium alloy Precast concrete 
Young Modulus, E 72 GPa 30 GPa 
Dimension 6 mm x 6 mm L x L 
Cross-section area 36 mm² L² 
 
 
Follow the scaling law: 
          N²EmAm = EpAp 
         (50)²(72 GPa)(36 mm²) = (30 GPa) (L²) 
           L  = 465 mm 
 
 
Therefore, 6 mm square solid aluminium alloy pile in model simulates a 465 
mm square precast grade 30 concrete pile in prototype. 
Figure 3.10 Scaling relationship between model pile and prototype pile 




















































Figure 3.12 Wheatstone-Bridge circuit for the strain gauge on model pile : 
axial load measurement 




















































Figure 3.13 Calibration of model instrumented pile 
Figure 3.14 Sand hopper used for pluviation 































 Figure 3.17 Control room (centrifuge data acquisition system) 
Figure 3.15 Sweep pattern adopted in spot type pluviation (after Fretti et al., 1995)
Figure 3.16 Installation guide for piles 









































Noise Filter Amplifier 
PC with Static 
















Inside Control Room Inside Centrifuge 
Figure 3.18 Schematic diagrams showing the data collection system 




Parameter  Prototype Centrifuge model at Ng 
Linear dimension 1 1/N 
Area 1 1/N² 
Volume 1 1/N3 
Density 1 1 
Mass 1 1/N3 
Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 
Energy 1 1/N3 
Stress 1 1 
Force 1 1/N² 
Time (viscous flow) 1 1 
Time (dynamics) 1 1/N 
Time (seepage) 1 1/N² 
Energy density 1 1 
Flexural rigidity 1 1/N4 
Axial rigidity 1 1/N² 
Bending moment 1 1/N3 
 
Table 3.1 Scaling Relation of Centrifuge Modeling (after Leung et al., 1991) 
 
 







Specific Gravity (Gs) 2.60 
Sieve Analysis Clay (87%), Silt (13%) 
Liquid Limit (LL) 79.8 
Plastic Limit (PL) 35.1 
Compression Index (Cc) 0.5528 
Swelling Index (Cs) 0.145 
 






Specific gravity (Gs) 2.65 
ρmin (g/cm3) 1.335 
ρmax (g/cm3)  1.645 
Uc 1.3 
Dmax (mm) 0.3 
D50 (mm) 0.2 
D10 (mm) 0.163 
Dmin (mm) 0.115 
 












 Model Scale (50g) Prototype Scale 
Diameter 190 mm 9.5 m 
Mass 0.9 kg 45 kg 
Base & Wall Thickness 1 mm 50 mm 
Height 210 mm 10.5 m 
 
Table 3.4 Properties of model tank 
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CHAPTER FOUR 




This chapter presents the results of centrifuge model tests conducted to study 
the tank load distribution between the piles and surrounding soft ground. As discussed 
in Chapter 2, there is currently no generally accepted design method for oil tank 
supported by pile group with individual pile cap. The percentage of applied loads 
carried by the piles still remains questionable.  
Table 4.1 summarizes the configuration of all tests in the present study. In test 
series 1, five tests with different sizes of pile cap were carried out to study the effect 
of size of pile cap on distribution of tank load and tank settlement. Test series 2 
consists of 3 tests with the same pile cap area ratio of 0.25 but 3 different thicknesses 
of dense sand (1m, 2m and 3m) overlying the soft clay. This series of test aims at 
determining the minimum thickness of sand required to reach the optimum efficacy 
for the piled foundation. In test series 3, another 2 tests were conducted with the 
placement of geotextile on the pile caps for foundation with pile cap area ratio of 0.06 
and 0.25. Other tests conducted include 1 test on tank without piles, 1 test with 
multiple stage loading and 2 tests on tank supported by less number of piles. 
In the present study, all tests were conducted at 50g. Unless otherwise stated, 
all quantities in this chapter are quoted in prototype scale. As described in Chapter 3, 
the piles were installed at 1g and the tank load tests were conducted at 50g. Craig 
(1984) reported that the pile capacity would be affected if the piles are installed at 1g 
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rather than at high g. However, he pointed out the difference would be only about 
10% for piles in clay. The acceleration field was taken at one-third of the clay depth.  
 
4.2 DEFINITIONS OF TERMS 
In the present study, the 465 mm by 465 mm square piles are placed in a 
rectangular grid of 2 m center-to-center spacing. In all tests except test series 2, the 
thickness of overlying sand layer is 2 m. Taking a 1:1 load spread in the sand layer 
shown in Figure 4.1, the number of piles required to be installed within the load 
influence zone is hence 37, as shown in Figure 4.2. The pile capacity is evaluated 
using the conventional static method and the estimated overall factor of safety is 2.22, 
see appendix 1.  As the outer pile is 6.5 m (130 mm in model scale) from the 
perimeter of the model container, this large clearance ensures that the tank boundary 
effect on the test results would be insignificant. To facilitate data interpretation, the 37 
piles are classified into 8 pile types: namely A, B, C, D, E, F, G and H based on 
symmetry of the foundation plan layout depicted in Figure 4.3. 
For each experiment, different size pile cap was screwed onto the pile top. In 
order to measure the load transfer to the pile, it would be ideal to install the strain 
gauges right at the pile top. However, owing to space constraint, the strain gauges in 
the present study are placed at 0.5 m (10 mm in model scale) below the pile top. As 
the soil around the top 1 m of the pile shaft is soft, it is believed that the load recorded 
by the strain gauges would adequately represent the load carried by the pile. 
For the interpretation of test results, the dimensionless pile cap area ratio, a, is 
introduced and defined as the ratio of one pile cap area over the tributary area of the 
pile shown in Figure 4.3. 
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Two related terms, namely efficacy and competency (both after Low et al., 
1993) are employed to assess the load transfer to the piles 




P         (4.1) 
Competency   = Efficacy / pile cap area ratio     (4.2) 
where  PL  = Load carried by all piles, and 
 PT = Total applied tank load. 
It is evident that efficacy denotes the percentage of applied tank loading 
carried by the piles and competency is simply efficacy divided by the pile cap area 
ratio. As reviewed in Chapter 2, arching plays an important role in the load transfer 
mechanism of embankment piles and possibly oil tank piled foundation. If there is no 
arching, efficacy is simply equal to the pile cap area ratio and competency would be 
equal to unity. Both parameters have their own merits, and together they provide a 
meaningful interpretation of the stress changes on the piles as well as in the soft 
ground. 
 
4.3 TEST PROCEDURE 
The test procedure basically consists of 4 stages: that is (a) soil pre-
consolidation under self-weight, (b) pile installation and sand preparation at 1g, (c) 
soil re-consolidation under self-weight and (d) application of loading. 
 
4.3.1 Stage (a) – soil pre-consolidation under self-weight 
The kaolin slurry was first subjected to self-weight consolidation at 50g in the 
centrifuge. The pore pressure and settlement responses in the soil were monitored 
frequently during the entire process. Figure 4.4 shows that the development of soil 
settlement and dissipation of pore pressure with time. It can be observed that both the 
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soil surface settlements and pore pressures remain practically constant at the end of 
the pre-consolidation process. The degree of consolidation at the end of pre-
consolidation was determined to be about 96.5% using the hyperbolic method (Tan, 
1971) as shown in Figure 4.5. Thus, it can be established that the soil had practically 
fully consolidated. 
 
4.3.2 Stage (b) – pile installation and sand preparation at 1 g 
 After the completion of self-weight consolidation, model piles were installed 
one by one into the soil at 1g to a depth 10.25 m (205 mm model scale) below the clay 
surface. Appropriate size pile cap was attached carefully to each pile. This was 
followed by the preparation of overlying dense sand layer by pluviation as described 
in Chapter 3. This stage was then continued with the placement of model tank and 
transducers. 
 
4.3.3 Stage (c) – soil re-consolidation under self-weight 
 During stage (b), the clay would swell due to release of soil stress from 50g to 
1g. After pile installation and sand preparation, the clay was allowed to reconsolidate 
at 50g under additional surcharge of empty tank and overlying dense sand layer. The 
axial forces of instrumented piles and pore pressures in the soil are monitored 
frequently during this period. 
 
4.3.4 Stage (d) – application of loading 
The model tank was loaded by draining Zinc Chloride (ZnCl2) into the tank in-
flight. After about 5.2 months of soil reconsolidation, zinc chloride was released 
through a tube to the model tank. Figure 4.6(a) shows that the development of ZnCl2 
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pressure (Test P1) during the loading stage as monitored by two PPTs placed at the 
bottom of the tank. It can be observed that the two PPTs essentially registered 
identical readings. 
During the tank loading tests, settlement of the tank base, axial forces in the 
instrumented piles and the pore water pressures in the soil were monitored regularly. 
Figure 3.5 shows the location of pore pressure transducers, potentiometers and strain 
gauges for all tests except the preliminary test. Two PPTs were embedded at two 
different depths in the clay to monitor the changes in pore pressures. In addition, 
readings obtained from strain gauges mounted on the instrumented piles would reveal 
the load transfer among the piles during the entire load test.  
 
4.4 PRELIMINARY TEST WITHOUT PILES 
A preliminary test (Test P1) was conducted to evaluate the performance of 
tank supported by dense sand overlying soft clay. The preliminary test was performed 
without any treatment or improvement of the soft ground. The test basically follows 
the same test procedures, except without the installation of piles. The actual loading 
test was performed after the soft clay was initially allowed to reconsolidate under 2 m 
dense sand and empty tank.  
Figure 4.6 shows the development of tank loading pressure, pore water 
pressures and settlement at 5 different locations with time. The tank settlements 
before commencement of loading are mainly attributed to the reconsolidation of soil 
due to loading from the overlying sand layer and empty tank. The average tank 
settlement of about 1 m is fairly large. As shown in Figure 4.7, the degree of 
consolidation before commencement of loading is determined to be about 85% using 
the hyperbolic method. Figure 4.8 portrays the loading pressure-average tank 
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settlement responses during the tank load test with the datum of the tank settlement 
set at the commencement of drainage of ZnCl2 into the tank. It can be observed that 
the tank settlement increases significantly during the application of loading. Owing to 
the low shear strength of the soft ground, the tank experienced excessive settlement 
and failed at a tank loading pressure of about 107.3 kPa. Using conventional bearing 
capacity theory, the soft clay is estimated to have a bearing capacity of about 60 kPa, 
as shown in appendix 2. This is reasonably close to the pressure of 53 kPa at the sand-
clay interface at tank failure, assuming a 1:1 load spread in the overlying dense sand 
layer (see appendix 2). The observed failure pattern can be classified as general shear 
failure as the failure was sudden and accompanied by severe tilting leading to the final 
collapse on one side.  
Both physical modeling and theoretical predictions show that the soft clay is 
unable to support the applied tank loads. Hence, it is important to seek for other 
ground treatment methods. In consideration of the desired short construction schedule 
in many practical cases, pile foundation appears to be a suitable method under such 
circumstance. 
 
4.5 TYPICAL TEST RESULTS (Test A4) 
The results of a typical test (Test A4) in test series 1 are presented in detail to 
illustrate the test observations and findings. Figure 4.9 shows the development of tank 
loading pressure, axial force on piles, tank settlements and pore pressures with 
elapsed time for Test A4. The results can be classified into 3 stages: that is stage 
before loading, during loading and after loading. The piles have been classified into 
types A, B, C, D, E, F, G and H, see Figure 4.3. To further simplify data interpretation, 
pile types A, B, C are named as center piles (located below center of the tank), pile 
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types D and E as corner piles (located below peripheral of tank) and types F, G and  H 
as piles outside the tank (located outside the edge of tank.).  
 
4.5.1 Stage before loading  
 During the stage before loading, the pile axial forces of the 8 different types of 
pile generally show fairly compatible magnitudes except for piles located outside the 
tank boundary (types F, G and H) with slight lower axial forces. This appears to 
reveal that the piles outside the tank only carry load from the dense sand layer but not 
the empty tank. 
 The measured settlement of about 0.244 m for Test A4 before loading was 
fairly large. It should be noted that this measured settlement may not be reliable due 
to the movement of transducer holders during the spinning up of the centrifuge and oil 
settlement due to reconsolidation before loading. Therefore, the settlements before 
loading are not included in subsequent discussions and the settlement datum is set at 
the beginning of tank loading (inflow of ZnCl2 into model tank).  
The responses of pore pressures in the soil were monitored frequently at 2 
different depths as shown in Figure 3.5. It seems that the trend of responses of pore 
pressure follow that of tank settlement, where the increase in tank settlement also 
slows down when the pore pressures become stabilized. Based on the data shown in 
Figure 4.9(d), the degree of soil consolidation for Test A4 is determined to be 89%. 
One important point to note is that the pore pressure transducers embedded in the soil 
may have settled during the test. A lowering of pore pressure transducers in the soil 
may cause the hydrostatic pore water pressure readings to increase. Hence the 
magnitude of pore pressure readings may not be entirely accurate. 
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4.5.2 Stage during loading 
There is an immediate built up in axial forces in the piles upon loading, as 
illustrated in Figure 4.9(b). The duration of tank loading is about 7 days. As expected, 
the piles located beneath the tank center (types A, B, C) record the highest loads as 
the tributary area of these piles lies entirely within the tank full loading zone, as 
shown in Figures 4.2 and 4.3. Pile types D and E record smaller forces in comparison 
with pile types A, B and C, as only a portion of the tributary area of the piles lies 
within the tank full loading zone. Pile type D carries a higher load than pile type E as 
the percentage of tributary area of pile type D within the full loading zone is higher 
than that of pile type E. Pile types F, G and H are located outside the tank boundary. It 
is noted that these piles carry a load less than 5% of that of center piles. Based on the 
load distribution among the piles, it can be established that the assumed load spread of 
1:1 in the dense sand layer may not be appropriate. This point will be further 
discussed in a later section. 
 The tank settlements also increase sharply with time upon loading. Figure 
4.9(c) reveals that the measured tank settlement at all 5 locations is fairly uniform, 
implying that there is insignificant differential settlement during tank loading. Figure 
4.10 shows that about 60% of ultimate tank settlement had taken place upon 
completion of loading. During loading stage, there is an immediate built up in pore 
pressures in the soil upon loading. The excess pore pressures due to the tank loading, 
∆u, upon completion of loading are 29.1 kPa for PPT 1 and 31.7 kPa for PPT 2. It is 
interesting to note that ∆u for PPT1 is higher than that for PPT2. This is probably due 
to the positive skin friction of pile during the loading time, where the settlement of 
pile is greater that the settlement of clay. 
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4.5.3 Stage after loading 
Figure 4.9(b) shows that for Test A4, the axial forces of the center piles (types 
A, B and C) increase further after completion of loading and then gradually stabilize 
at about 100 days after completion of loading. On the other hand, the axial forces of 
pile types D and E reach their respective maximum at the completion of loading, after 
which the axial force decreases gradually until it stabilizes.  
Figure 4.9(c) shows the development of tank settlement with time during and 
after tank loading. The foundation settlement was measured using potentiometers 
placed at 5 locations with one at the center and the other four at diametrically opposed 
corners of the tank. Figure 4.10(a) shows the loading pressure-average settlement 
response of the tank and clearly illustrates that about 40% of ultimate tank settlement 
take place only after completion of loading. About half of the long-term settlement 
develops during the first month and altogether about 97% of the long-term settlement 
has developed 9 months after completion of loading. From 9 months to 1 year after 
loading, only a fairly small increase in settlements is noted indicating that the tank 
settlement has stabilized. There is practically very little increase in tank settlement 
after 1 year. This is consistent with the pore pressure responses shown in Figure 
4.9(d), with pore pressures in the soil begin to stabilize 6 months after completion of 
loading and remain practically constant after 1 year. The final observed tank 
settlement of about 0.4 m is fairly large. Although the tank settlement is large, the 
measured tank settlements at all 5 locations are fairly uniform. To further interpret he 
settlement results, the development of angular distortion with time at 4 different 
locations from the center of tank were determined and shown in Figure 4.10(b). It can 
be seen that the angular distortion throughout the Test A4 are less than 0.004 (1: 250). 
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Hence, this again substantiate that the differential settlement of the tank is relatively 
small. 
 
4.5.4 Efficacy and Competency 
To further interpret the distribution of loads among the piles, the axial loads 
for 8 different types of piles at five different time stages after loading (i.e. upon 
completion of loading, 1 day, 1 month, 3 months and 1 year after completion of 
loading) are given in Table 4.2. The total axial forces carried by all piles can thus be 
computed by assuming piles at the same symmetric plan location carries the same 
load. The efficacy and competency can then be computed with respect to each time 
stage. A sample calculation for the calculation of efficacy and competency is given in 
Appendix 3. 
From Table 4.2, it can be observed that for Test A4, the efficacy of the system 
increases with time after completion of loading. The efficacy is 65.1% at the 
completion of loading and increases to 73.0% 1 month after loading. On the other 
hand, the increase in efficacy is fairly small after 3 months, as depicted in Figure 4.11. 
The development of competency with time is shown in Figure 4.12 and the trend is 
similar to that of efficacy. This reveals that in the short term, more loads are exerted 
on the soft soil while less load is transmitted onto the piles. However, as the soft soil 
consolidates and settles, more loads are shed onto the piles. This is consistent to the 
results of numerical studies performed by Khoo (2001) on the load transfer of oil tank 
piled foundation.  
Arching in the dense sand may play an important role in the load transfer 
between the compressible soft clay to adjacent piles. According to Giroud (1990), soil 
deformation is necessary for the development of arching in soil. When a tank is 
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loaded, the soft clay under the dense sand would consolidate, resulting in differential 
movement between the relatively rigid piles and the soft clay. Consequently, the sand 
mass above the soft clay would also settle and cause shear stresses between the 
moving sand mass and the adjoining stationary sand mass. This generated shear stress 
would resist the descent of the mass of sand located above the soft ground. Part of the 
pressure originally on the soft ground is then transferred onto the adjoining 
incompressible pile cap. This arching effect, defined as transferring part of pressure 
from a yielding mass of soil to adjacent non-yielding pile cap, has also been observed 
by Terzaghi (1943) in his trap door experiments. 
 
4.5.5 Summary of Test A4 
The results of the typical test (Test A4) can be summarized as follows: 
1. The axial forces carried by the center piles are higher as compared to those by 
the corner piles and piles outside the tank. This can be attributed to the 
different proportions of tributary area under the tank full loading area for each 
pile type. The commonly assumed 1:1 load spread in the overlying sand layer 
appears to be not valid. 
2. Efficacy and competency increase significantly within the first month after 
completion of loading and stabilize 3 months after loading. 
3. The determination of foundation efficacy reveals that about 75% of the tank 
loads have been transmitted to the piles at 1 year after completion of loading. 
4. About 60% of ultimate tank settlement has taken place during the loading 
stage. After completion of loading, the tank continue to settle with time and 
the tank settlement only cease to increase at about 1 year after loading. 
5. This typical model test reveals large uniform tank settlements.  
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4.6 TEST SERIES 1 – Pile cap area ratio 
Test series 1 involves five centrifuge model tests, labeled as A1, A2, A3, A4 
and A5, conducted with various pile cap area ratios. Five different pile cap sizes, that 
is 0.475 m by 0.475 m square in prototype (Test A1), 0.7 m (Test A2), 0.9 m (Test 
A3), 1.0 m (A4) and 1.1 m (Test A5) were used to study the effects of pile cap size on 
load efficacy and competency. Based on the same center-to-center pile spacing of 2 m, 
the pile cap area of the tests ranged from 0.06 to 0.3 as given in Table 4.1. Details of a 
typical test (Test A4) have been reported earlier. 
 
4.6.1 Axial force on piles 
 The development of pile axial forces with time for Tests A1, A2, A3, A4 and 
A5 are shown in Figures 4.13, 4.14, 4.15, 4.9(b) and 4.16, respectively. It is noted that 
the trend of the pile responses for the 5 tests is similar. To investigate the pile axial 
forces in detail, the axial forces for 8 different pile types at five different time stages 
are shown in Table 4.2. The efficacy and competency are computed with respect to 
each time stage and pile cap area ratio.  
Figures 4.17 and 4.18 show the variation of axial forces with pile cap area 
ratio for each pile type. It is evident that for pile types A to E inclusive, the axial force 
increases with pile cap area ratio. As before, the load carried by the pile types F, G 
and H is insignificant. It is postulated that the size of pile cap has a great influence the 
development of soil arching that affects the apportionment of load between the 
compressible soft soil and the adjacent incompressible pile caps. According to 
Hewlett and Randolph (1988), the pile cap area that is in direct contact with the dense 
sand play a crucial role in the development of soil arching in the overlying dense sand. 
For larger pile cap sizes, the more intensive soil arching would result in more load 
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being transferred from the soft soil to the unyielding pile caps. Low et al. (1993) 
reported a similar influence of pile cap size on the load transfer of embankment piles 
from their 1g model tests. 
The relationship between efficacy and pile cap area ratio can be established 
and shown in Figure 4.19. It is noted that efficacy increases with pile cap area ratio. 
However, the rate of increase in efficacy becomes smaller for pile cap area in excess 
of 25%. This is consistent to the finding by Khoo (2001) who noted that the increase 
in pile cap area for smaller pile caps would lead to larger increase in efficacy in 
comparison to that of larger pile caps. Figure 4.19 thus reveals that a pile cap area 
ratio of 25% is sufficient to arrive at the optimal maximum load transfer to the piles. 
In other words, any increase in pile cap area ratio beyond 25% would be ineffective as 
this only results in a small increase in efficacy. 
Figure 4.20 shows that competency decreases with increasing pile cap area 
ratio, but would not decrease to the limiting value of 1.0 (i.e. all loads transfer to to 
the piles) for the pile cap area ratios understudy. It is worth to note that higher 
competency does not imply higher efficacy. Thus, although Test A1 (0.06 pile cap 
area ratio) has the highest competency, it is not advisable to apply this ratio in the 
field in consideration of its low efficacy. 
Figures 4.21 and 4.22 show the development of efficacy and competency with 
time after completion of loading for test series 1. All the 5 tests show that there is a 
significant increase in efficacy and competency from completion of loading to 1 
month after loading. The result also reveals that both efficacy and competency 
stabilize at 3 months after completion of loading. 
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4.6.2 Pore pressures 
The development of pore water pressure with time after loading for Tests A1 
to A5 are given in Figures 4.23, 4.24, 4.25, 4.9(d) and 4.26, respectively. The degree 
of soil consolidation is determined to range from 85% to 90%. It is ideal that the 
degree of soil consolidation should exceed 90% before the conduct of load test. As the 
present study mainly focuses on the load transfer to the foundation, it is believed that 
a marginally lower degree of soil consolidation is unlikely to affect the test results 
significantly. 
 It is noted that the excess pore pressures build up sharply during application of 
loading and then dissipate gradually with time until they stabilize. Higher pressure on 
the soft ground would cause higher increase in pore water pressure in the soil.  The 
soil surface settlements are expected to follow a similar trend. It is also interesting to 
note that the increase in pore pressure due to loading for pile cap area ratio of 0.06 is 
considerably higher than the others, supporting the observation that more loads have 
been transferred to the soft ground in Test A1. 
 
4.6.3 Settlement of tank 
 Figures 4.27, 4.28, 4.29, 4.9(c) and 4.30 show the development of tank 
settlement with time after completion of loading for Tests A1 to A5, respectively. 
These figures generally portray a similar trend, where the tank settlement increases 
sharply immediately after loading and thereafter continues to increase gradually with 
time until it stabilizes. 
The tank settlement generally decreases with increasing pile cap area ratio, as 
illustrated in Figure 4.31. Test A1 with pile cap area ratio of 0.06 shows the highest 
settlement of 0.84 m at 1 year after loading. This can be attributed to its lowest 
Chapter 4 Results and Discussions 
 85
foundation efficacy (43.9% at 1 year after loading) where a large percentage of tank 
load (56.1%) has been transferred to the soft soil, resulting in the highest tank 
settlement. When pile cap area ratio increases to 0.12, the final tank settlement 
reduces greatly to about 0.58 m, consistent with the earlier test observation that less 
load has been transferred to the soft ground. The observed tank settlement for the test 
with 0.25 pile cap area ratio is about half of that of 0.06 pile cap area ratio. The tank 
settlement for the tests with pile cap area ratios of 0.20, 0.25 and 0.30 is similar (about 
0.4 m), with a slightly higher settlement for the test with 0.20 pile cap area ratio. Tests 
with pile cap area ratios of 0.25 and 0.30 essentially show very similar settlement 
magnitude as the load efficacy for both tests are practically the same. It is observed 
that the above 5 tests all show fairly small differential tank settlement although the 
magnitude of settlements is considerably large. In comparison, Test A1 (0.06 pile cap 
area ratio) has the highest differential settlement. Figure 4.32 illustrates the 
development of average settlement with applied tank pressure for Tests A1-A5. 
Among the 5 tests, it can be seen that the settlement of Test A1 increases significantly 
for the stages during and after loading. However, the ultimate tank settlement greatly 
reduces when the pile cap area ratio increases to 0.2. It is noted that the gradient of the 
load-settlement response of the tank decreases with increasing pile cap area ratios. 
Hence, the stiffness of the foundation system increases with pile cap area ratio but the 
increase appears to approach maximum for pile cap area ratio in excess of 0.2. 
 
4.6.5 Summary of test series 1 
The findings of test series 1 can be summarized as follows: 
1. The proportion of tank loads carried by the piles as given by efficacy, 
increases with pile cap area ratio. However, the rate of increase in efficacy 
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decreases when the pile cap area ratio increases. From Tests A1 to A5, a pile 
cap area ratio of 0.25 appears to be sufficient to arrive at an optimal maximum 
load transfer to the piles. 
2. Competency decreases with increasing pile cap area, and would not approach 
the limiting value of 1 at the largest pile cap area understudy.  
3. The settlement of tank decreases with increasing pile cap area ratio. The 
ultimate tank settlement reduces by half when the pile cap area ratio increases 
from 0.06 (Test A1) to 0.25 (Test A4). The differential settlement of the tank 
from all the 5 tests is found to be fairly small, although the uniform magnitude 
of tank settlement is considerably large.  
4. The gradient of the load-settlement response of the tank decreases with 
increasing pile cap area ratios up to a pile cap area ratio of 0.2. 
 
4.7 TEST SERIES 2 – Thickness of overlying dense sand  
Test series 2 consists of three tests, namely Test N1, A4 and N2. In this series, 
the tests were conducted with the same pile cap area ratio of 0.25 but with different 
thickness of dense sand overlying the soft clay. Test N1 with 1-m thick sand and Test 
N2 with 3-m thick sand were performed and compared with Test A4 (2-m thick sand) 
from test series 1.  
It is recognized that the thickness of overlying dense layer could play a 
significant role in the transfer of tank load to the soft ground below. As discussed in 
Chapter 2, this layer behaves like a stiff cushion and allows for the spreading of the 
tank load over a wider area onto the piles and the soil beneath the tank. This test series 
aims to investigate the influence of thickness of dense sand on the load distribution 
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and settlement of tank. The minimum required thickness of sand for an optimal 
efficacy of the foundation will thus be identified. 
 
4.7.1 Axial force on piles 
Figures 4.33 and 4.34 show the development of pile axial force with elapsed 
time for Tests N1 and N2, respectively. Similar to test series 1, the pile axial forces on 
all pile types for Test N1 (1 m sand), Test A4 (2 m sand) and Test N2 (3 m sand) at 
five different time stages are shown in Table 4.3. 
The development of axial load with thickness of dense sand for each pile type 
can be further scrutinized and shown in Figures 4.35 and 4.36. It can be observed that 
when the thickness of sand increases from 1 m to 2 m, the axial force on the piles 
below the tank center increases. This is probably attributed to the phenomena that soil 
arching may not have effectively developed for the relatively thin 1-m thick sand 
layer. On the other hand, when the thickness of sand increases from 2 m to 3 m, the 
axial forces on the center piles decrease. This is mainly due to the lower pressure at 
the deeper sand-clay interface, resulting in smaller axial loads on the piles. It is also 
noted that the axial force increases for the corner piles and for piles outside the tank 
when the thickness of sand layer increases. 
 Figure 4.37 shows the development of efficacy with elapsed time after loading 
for test series 2. The three tests all show that there is a significant increase in efficacy 
from the end of loading to 1 month after loading and the foundation efficacy stabilizes 
3 months after completion of loading. Test N1 (1 m thickness of sand) gives the 
lowest efficacy (62.7% at 1 year after loading) as compared to Test A4 (2 m thickness 
of sand). The axial forces measured for both center and corner piles for Test N1 are 
lower than those of Test A4. It is believed that the soil arching effect depends on the 
Chapter 4 Results and Discussions 
 88
thickness of overlying dense sand and may not be fully developed if the thickness of 
sand is too thin. This phenomenon can be observed from Terzaghi’s trap door 
experiments where arching of soil mostly developed at a thickness of 2.5 times the 
trap door width from the platform. Above this thickness from the platform, the sand 
did not help in soil arching. This implies that there should be a minimum thickness of 
dense sand to enable the soil arching to be fully developed.   
 The importance of sand thickness on arching effect can be further investigated 
using Marston’s Formula for load on subsurface conduits. When a conduit is installed 
as a positive projecting conduit (Figure 2.6), shearing plays an important role in the 
production of resultant load on the structure. The key to the direction of load transfer 
by arch action lies in the direction of relative movement or tendency for movement 
between the overlying prism of soil and the adjacent side prisms, as illustrated in 
Figure 2.6. Marston’s theory can be further illustrated in Figure 4.38, illustrating the 
shearing forces between interior prisms and exterior prisms in the dense sand for the 
present study. 
According to Marston, if the embankment is sufficiently high, the shear force 
may terminate at some horizontal plane in the embankment termed the plane of equal 
settlement. Above the plane of equal settlement, the interior and exterior prisms settle 
equally. When the height of equal settlement above the top of the conduit height He is 
greater than the embankment height H, the plane of equal settlement is imaginary. 
This is referred to as the complete projection condition by Marston because the shear 
forces do extend completely to the top of the embankment. 
In some ways, the present study is similar to the piled embankment condition 
where the applied tank load is taken to be equivalent to an “embankment” height of 
14.1 m (as illustrated by Hewlett and Randolph, 1988), provided that the tank base 
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level is above the plane of equal settlement, He. It is important to note that soil arching 
will develop to its maximum for a certain thickness of soil, which is from the pile cap 
surface to the plane of equal settlement. The optimum thickness are thus important in 
this circumstance, in consideration of higher thickness will burden the cost and lower 
thickness will lead to inefficiency in soil arching, which will result in lower efficacy.  
Given the existing pile configuration, spacing of piles and pile cap area ratio, a 2-m 
thick sand layer appears to provide the optimal maximum transfer of load to the piles 
below. Numerical studies on thickness of sand performed by Khoo (2001) suggested 
that the sand thickness ranging from 2 m to 3.5 m does not considerably affect the 
load taken by the pile provided that it is stiff enough to sustain any shear load required 
for proper load transfer without limiting it.  
 Figure 4.39 shows that the development of competency with elapsed time after 
loading is similar to that of efficacy. Competency increases when the thickness of 
sand increases but the increase for competency from 2 m to 3 m is much smaller than 
that from 1 m to 2 m, implying that it is not effective to increase the thickness of sand 
layer to beyond 2 m.  
 
4.7.2 Pore pressures 
Figures 4.40 and 4.41 show the development of pore water pressures with time 
for 1 m and 3 m thick sand layers, respectively. The degree of soil consolidation for 
Test N1 and N2 is determined to be 90% and 86%, respectively. It is worth to note 
that pore pressures increase immediately after loading for 1-m thick sand is higher 
than that for 2-m thick sand. This is consistent with the earlier observations that for 1-
m thick sand, more loads are transferred to the soft soil as compared to 2-m thick sand. 
The increase in pore pressure for 3-m thick sand is smaller than that for 2-m thick 
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sand. This is attributed to the wider dispersion of the load influence zone on the 
surface of clay for a thicker sand layer. In such case, less loads are transmitted to the 
soft soil resulting in a lower built-up of pore pressure in the soil. 
 
4.7.3 Settlement of tank 
Figures 4.42 and 4.43 show that the development of tank settlement with time 
for Tests N1 and N3, respectively. It can be seen from Figure 4.44 that the final tank 
settlement for 1-m thick sand are higher (about 0.55 m) than that of 2-m thick sand 
(about 0.40 m). On the other hand, the tank settlement for 3-m thick sand (about 0.31 
m) is much lower compared to that of 2-m thick sand. This is due to the increase in 
load efficacy with thickness of sand as more loads are transferred to the piles, causing 
smaller settlements in the soft ground. Another reason is that the load influence zone 
becomes wider when the thickness of dense sand increases. Hence, this would 
generate a lower pressure on the surface of soft ground, resulting in smaller tank 
settlements. 
A minimum thickness of sand is required to prevent localized differential tank 
settlement, as stated by BS 8006 (1995). For a tank with a flexible base founded on 
piles with individual caps, it is likely that the localized settlement at the tank base 
would occur when the thickness of dense granular layer is too thin. The observed tank 
settlements in the present study, however, appear to reveal that there are no localized 
settlements for Tests N1, A4 and N2. 
Figure 4.45 show the development of average tank settlement with applied 
pressure from tank for test series 2. Among the 3 tests, the settlement of Test N1 
increases significantly for the stages during after loading. However, the tank 
settlement reduces when the thickness of sand increase from 1 m to 2 m and to 3 m. It 
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is noted that the gradient of the load-settlement response of the tank decreases with 
increasing thickness of overlying sand. Therefore, it can be deduced that the increase 
in sand thickness helps to reduce the settlement of tank. 
 
4.7.4 Summary of test series 2 
 The results of test series 2 can be summarized as follows:  
1. It is established that the thickness of sand plays a considerable role on the load 
distribution of applied load on the piled foundation. When the thickness of 
sand increases, the foundation efficacy also increases. However, there is a 
significant increase in efficacy from Test N1 (1 m sand) to Test A4 (2 m sand) 
as compared to the slight increase from Test A4 to Test N2 (3 m sand). This 
implies that a 2-m thick dense sand is sufficient to arrive at the maximum load 
transfer to the piles.   
2. The foundation competency decreases with increasing thickness of sand. 
Similar to efficacy, there is a significant increase of competency from 1-m 
thick sand to 2-m thick sand as compared to that from 2-m thick sand to 3-m 
thick sand. 
3. The tank settlement decreases with increasing thickness of sand. There is 
about 45% reduction in tank settlement when the sand thickness increases 
from 1 m to 3 m. This is attributed to a lower pressure being transmitted on the 
soft soil when the load influence zone increases with the thickness of sand.  
4. The gradient of the load-settlement response of the tank decreases with 
increasing overlying sand thickness. 
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4.8 TEST SERIES 3 – Application of geotextile 
The previous 2 test series examine the load distribution between soft ground 
and piles without geotextiles. In practice, a layer of geotextile is often placed at the 
sand/clay interface to restrain the lateral movement of piles and enhance soil arching. 
Hence, two additional centrifuge tests were performed with geotextiles for pile cap 
area ratios of 0.06 (Test G1) and 0.25 (Test G2) with 2-m thick overlying sand. 
Results from the tests are compared with the corresponding Tests A1 and A4 (without 
geotextile). This comparison aims to obtain a clearer picture on the enhancement of 
foundation performance with geotextile. This is useful to examine possible reduction 
of pile cap size and at the same time, achieving similar foundation efficacy and 
competency with the use of geotextile. 
 
4.8.1 Modeling of geotextile 
A thin cloth with a size of 500mm diameter was chosen to simulate a woven 
geotextile in the centrifuge. The installation of geotextile overlying the clay surface 
was performed at 1g condition after installation of piles. Consideration of modeling 
geotextile was initially given for a meshed fibre paper, which have been applied by 
Sim (1999) in NUS. However, since the soft soil in the present study is fully saturated, 
the use of fibre paper would eventually become wet and possibly lose its strength. A 
thin cloth was found to be a suitable model geotextile in the present centrifuge model. 
Care was taken in choosing the thin cloth such that the aperture size of the model 
geotextile is small enough to prevent the dense sand above from passing through. In 
addition, the strength and elongation for both longitudinal and horizontal direction 
must be the same. The fabric is mainly selected from the above two criteria since the 
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purpose of the present study is not to assess the relative benefit on the use of various 
fabrics. 
The thin cloth was tested with a wide strip tensile testing machine (Instron 
Mechan) to determine its tensile strength. The fabric is placed within a set of clamps 
or jaws located in the testing machine and elongated in tension until failure occurs. 
During the extension process, both load and deformation were measured. 
 With reference to Appendix 4 adopted from the Polyfelt catalogue, the unit of 
tensile strength is kN/m, which implies that the scaling relationship between the 
prototype and the model should be N : 1. Figure 4.46 shows the stress-strain curve of 
the thin cloth used in the present study. It is worth to note that the vertical axis is in a 
unit of force per unit width of fabric and is not a bona fide stress unit. To get the stress 
unit, this value would have to be divided by the fabric thickness. This is not possible 
since the thickness varies greatly under load and during the extension process. 
Table 4.4 shows a comparison of tensile strength and elongation of the model 
and prototype geotextile. Taking appropriate scaling effect into consideration, the 
geotextile has an axial stiffness equal to 275 kN/m for axial strain within the range 0 
to 5.8% in prototype condition. This thin cloth is used to simulate geotextile polyfelt 
type Rock PEC 200 (see Appendix 4), which is commonly employed in basal 
reinforcement over pile foundations. This geotextile type Rock PEC is known for its 
technical benefits of high tensile modulus and high in-plane drainage capacity for 
quick dissipation of excess pore pressure.  
 
4.8.2 Axial force on piles 
The development of pile axial forces with time for both Tests G1 and G2 are 
illustrated in Figures 4.47 and 4.48, respectively. Tables 4.5 and 4.6 further 
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summarize the results of pile axial force for the cases with and without geotextile for 
pile cap area ratios of 0.06 and 0.25, respectively. It is evident that the efficacy 
increases with the use of geotextile, especially for pile cap area ratio of 0.06. 
Figures 4.49 and 4.50 show the comparison of axial force development for 
each type of pile after completion of loading. The presence of geotextile has a great 
effect in the enhancement of load transfer to the piles. It can be seen that the axial 
force for most pile types increases with the application of geotextile, especially for 
pile types A, B and C. The enhancement in axial forces for pile cap area ratio of 0.06 
(from Test A1 to Test G1) is significantly greater than that for pile cap area ratio of 
0.25 (from Test A4 to Test G2). This reveals that the use of geotextile provides a 
greater benefit in cases of smaller pile cap area ratios.  
For pile cap area ratio of 0.06, by applying geotextile the efficacy increases 
significantly from 43.9% to 67.2% at 1 year after loading, where the maximum 
efficacy is close to that recorded for the test with pile cap area ratio of 0.2 without 
geotextile. Similar to early tests, it is worth to note that the efficacy keeps on 
increasing after completion of loading. However, the increase in efficacy from the 
completion of loading to 1 year after loading for Test A1 is lower than that of  Test 
G1, as Test A1 recorded a slight increase in efficacy of 4.9% (from 39.0% to 43.9%) 
as compared to Test G1 of 17.7% (from 49.5% to 67.2%)  
Figure 4.51 shows the comparison of efficacy for tests with geotextile (Tests 
G1 and G2) and without geotextile (Tests A1 and A4). For pile cap area ratio of 0.25, 
the increase in efficacy of 7.7% is much lower than 23.3% recorded for pile cap area 
ratio of 0.06. This again reveals that the presence of geotextile is more effective for 
smaller pile cap area ratios. As the results of test series 1 show that Test A4  (pile cap 
area ratio of 0.25) has already mobilized much of the load transfer, any further 
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improvement such as the use of geotextile would only lead to a smaller increase in 
foundation efficacy.  
The influence of geotextile on load distribution can be further examined by the 
deflection of geotextile. Under the weight of soil and the applied load from the tank, 
the geotextile would deflect. This deflection has two effects: ‘bending’ of the soil 
layer and stretching of the geosynthetic. The ‘bending’ of the soil layer generates 
arching inside the soil, which transfers part of the applied load from the soft clay to 
adjacent piles. On the other hand, the stretching of geotextiles mobilizes a portion of 
the geotextile strength. Consequently, the geotextile acts as a “tensioned membrane” 
and carries the load applied normal to surface of geotextile. This is depicted in Tables 
4.5 and 4.6 where axial forces recorded by all pile types (center, corner and outside 
the tank) increase for both Tests G1 and G2.   
Giroud et al. (1990) proposed two cases of geotextile stretching:  
1. In the first case, the stretched geotextile comes into contact with the bottom of 
the void. The mobilized portion of the geotextile carries a portion of the 
applied load normal to the surface of the geotextile. The rest of the load is 
transmitted to the bottom of the void. 
2. In the second case, the geotextile does not deflect enough to come into contact 
with the bottom of the void. In this case, either the geotextile is strong enough 
to support the entire load applied normal to its surface or it fails. 
For the present study, it appears that the stretching of geotextile is close to the 
1st case where there is a small portion of load transmitted to the soft ground. Owing to 
the high portion of void between pile caps, it seems that the deflection of geotextile 
for pile cap area ratio of 0.06 is more significant than that of pile cap area ratio of 0.25. 
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Thus, under the applied tank loads, the geotextile would undergo larger stretching and 
eventually causing high portion of the load transmitted to the piles.  
Figure 4.52 shows the comparison of competency for utilizing geotextile 
(Tests G1 and G2) and without geotextile (Tests A1 and A4).  For the same pile cap 
area ratio, the test with geotextile shows an increase in competency. Similar to 
efficacy, the increase in competency for smaller pile cap area ratio is higher than that 
of larger pile cap area ratio.  This can be seen from the increase of competency of 
4.13 (from 8.772 to 11.913) from completion of loading to 1 year after loading for 
Test G1 is larger than that of Test G2 of 0.308 (from 2.886 to 3.295). This implies 
that with the use of geotextile, the ratio of load on the pile cap to the surrounding 
ground is higher for smaller pile cap area ratios. 
 
4.8.3 Results of settlement and pore pressure 
The development of tank settlement with time at 5 different locations for Tests 
G1 and G2 are shown in Figures 4.53 and 4.54, respectively. For both tests, the tank 
settlements recorded are smaller than those for the corresponding tests without 
geotextile. In fact, Test G1 shows about 50 % decrease in the final tank settlement as 
compared to that of Test A1. This can be explained that the efficacy for Test G1 is 
much higher than that of Test A1 and smaller loads have been transmitted onto the 
soft ground for Test G1, resulting in smaller settlements. This is similar for Tests G2 
and A4 where the tank settlement reduces from about 0.40 m to about 0.33 m after 
utilizing geotextile. However, the reduction in settlement for pile cap area ratio of 
0.25 is much smaller than that of pile cap area ratio of 0.06, as illustrated in Figures 
4.55 and 4.56. This is supported by the fact that the increase in efficacy for pile cap 
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area ratio of 0.25 (from Test A4 to Test G2) is lower than that of pile cap area ratio of 
0.06 (from Test A1 to Test G1).   
Figures 4.57 and 4.58 illustrate the comparison of average tank settlement 
with applied tank pressure for Tests A1 and G1, Tests A4 and G2 respectively. It can 
be seen that for pile cap area ratio of 0.06, the settlement greatly reduces to about half 
when geotextile is utilized. However, the reduction in settlement for pile cap area 
ratio of 0.25 is smaller. Thus, the finding substantiates that the presence of grotextile 
is more effective for smaller pile cap area ratios. 
Figures 4.59 and 4.60 show the development of pore water pressure in the soil 
with time for Tests G1 and G2, respectively. The degree of consolidation for pile cap 
area ratio of 0.06 and 0.25 is 92% and 90%, respectively. It is noted that the increase 
in pore pressure after loading for pile cap area ratio of 0.06 without geotextile is 
higher than that with geotextile. This indicates that less loads have been transmitted to 
the soft ground with the use of geotextile, resulting in a smaller increase in pore water 
pressure.  
For pile cap area ratio of 0.25, the difference in pore pressure built up after 
loading is not significant with or without geotextile cases. This can be explained by 
the small difference in efficacy for both cases as compared to that for pile cap area 
ratio of 0.06. Thus, the difference in reducing settlement for using geotextile is not as 
significant for the pile cap area ratio of 0.25. 
 
4.8.4 Summary of test series 3 
The findings of test series 3 can be summarized as follows: 
1. The presence of geotextile in Tests G1 and G2 enhances the load transfer to 
the piles. 
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2. The increase in foundation efficacy for pile cap area ratio of 0.06 (23.3% from 
Test A1 to Test G1) is much larger than that for pile cap area ratio of 0.25 
(7.7% from Test A4 to Test G2). This is attributed to the significant stretching 
of geotextile for the case with smaller pile cap area ratio.  
3. For the same pile cap area ratio, the foundation competency increases with the 
presence of geotextile. Similar to efficacy, the increase in competency for 
smaller pile cap area ratio is higher than that for larger pile cap area ratio. 
4. Owing to the increase in efficacy, both Tests G1 and G2 show smaller tank 
settlements compared to the tests without geotextile. It is noted that the 
decrease in settlement is significant for smaller pile cap area ratios. 
 
4.9 MULTIPLE STAGE LOADING 
In all previous tests, the model tank is loaded in a single stage. In practice, the 
loads may be applied in stages. Thus, another test was conducted with the loads 
applied in several stages. The test was performed with a pile cap area ratio of 25% 
and 2-m thick sand. This test aims at finding out any discrepancy in the load 
distribution and settlement under single and multiple stage loadings.  
The loading pressure measured by 2 PPTs placed at the tank base is illustrated 
in Figure 4.61(a) with the first stage loading applied after 5.2 months. After each 
loading stage, the clay is allowed to consolidate under the loading for about 7 months 
(2 hours in model scale) before the application of next loading. There are a total of 5 
load increments with the final tank loading the same as Test A4. The incremental 
pressure for each stage is about the same except a higher pressure in the first stage due 
to technical problem of the valve operation during the test. 
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4.9.1 Piles axial forces 
Figure 4.61(b) shows that the development of pile axial force with time for all 
pile types. As before, the center piles carry significant portion of the tank load. The 
pile axial force increases immediately upon loading and then gradually increases after 
completion of loading. On the other hand, the corner piles reach their respective 
maximum loads upon completion of loading and then decrease gradually until the 
loads stabilize. Piles located outside the tank carry very small load and there is only a 
slight change in the axial force readings. Similar observations are noted in subsequent 
stages of loading.  
To investigate the pile axial forces in detail, the axial force under all 5 stages 
of loading at the completion of loading and 7 months after loading are shown in Table 
4.7. The foundation efficacy is found to increase slightly with loading pressure. Under 
first stage of loading, the efficacy upon completion of loading is relatively small 
(62.6%), implying that more loads are transferred to the soft ground initially; but after 
7 months of loading, the efficacy increases to 73.2%. It is interesting to note that the 
difference in efficacy between the completion of loading and 1 year after loading 
tends to decrease from the 1st stage to 5th stage. This is attributed to that the partial 
loading allows load to be transferred to the piles within respective loading time before 
the next loading stage. Thus, only the additional loads need to be transferred for a 
loading stage resulting in a lower increase in efficacy upon completion of loading 
from the 1st loading stage to 5th stage. It is noted that the final efficacy under single 
(Test A4) and multiple stage loading is similar and this implies that the application of 
load in stages does not significantly affect the efficacy of the foundation system. 
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4.9.2 Settlement 
 Figure 4.61(c) shows the development of tank settlement with time for 
different loading stages. The increase in settlement under the first loading stage is 
considerably higher than that of subsequent stages due to higher loads. Under each 
load increment, the settlement is found to increase immediately and then gradually 
increases until it stabilizes. The magnitude of settlement for 5 locations is found to be 
fairly close to each other, indicating a small differential tank settlement. Compared 
with the settlements observed in Test A4, the settlement under the final loading is 
similar, as illustrated in Figure 4.62. Therefore, it can be established that the effect of 
stage loading has no significant influence on the tank settlement. 
  
4.9.3 Pore Pressure 
Figure 4.61(d) shows the development of pore pressure with time. It can be 
observed that under each load incremental, there is a slightly increase in pore pressure. 
This implies the soft soil below the model tank experiences a smaller increase in total 
stress since there is only a small portion of full tank loading being applied. The 
increase in pore pressure is quite comparable for each loading stage except for first 
stage where there is a larger increase in pore pressure due to the larger incremental 
tank loading. Compared with the previous tests, the increase in pore pressure is much 
lower, revealing that a large portion of load being transferred to the piles.  
 
4.10 TESTS WITH REDUCED NUMBER OF PILES (Tests S2 and S3) 
The results of tests series 1 reveal that piles outside the tank carry very little 
load (< 5% of center pile axial force), implying that the load spread ratio in the 
overlying dense sand layer may not be 1:1. Hence, two other tests were performed 
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with reduced number of piles under and outside the tank corner. The configuration of 
pile layout for Tests S2 and S3 is shown in Figures 4.63(a) and 4.63(b), respectively. 
 
4.10.1 Comparison between Tests A4 and S2  
The total number of piles being installed in Test S2 is 21, which is greatly 
reduced from 37 for Test A4. The procedure adopted for Test S2 and A4 is identical. 
Figure 4.64(a) shows the development of pile axial force with time for Test S2. 
Comparison in pile axial forces was made between Test S2 and Test A4. It can be 
observed that the center piles (types A, B and C) of Test S2 basically show similar 
magnitude of axial force as Test A4. However, there is a slight increase in pile axial 
force for pile types D and E. Thus, it can be concluded that there is not much 
difference in the axial forces undertaken by the piles for both tests. 
Table 4.8 shows the axial forces for 5 different types of instrumented pile at 5 
different times for Test S2. Comparison in efficacy and competency was also made 
between Test S2 and A4. It is found that the difference in efficacy for both cases is 
found to be small, except there is a slightly lower efficacy for Test S2. This is mainly 
attributed to the omission of piles outside tank leading to a smaller efficacy. Similarly 
to efficacy, there is a slight decrease in competency for Test S2.  
Figures 4.64(b) and 4.64(c) illustrate the development of settlement and pore 
pressure with time for Test S2. Results from tank settlement and pore pressure also 
reveal that there is little difference in magnitude as compared with Test A4. This is 
consistent with the observed pile axial forces reported earlier.  The results appear to 
suggest that the piles located outside the tank can be removed as no adverse effect on 
the load distribution and settlement is observed from Test S2. This will help in 
reducing the foundation construction period and cost.  
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4.10.2 Comparison between Tests A4, S2 and S3 
Test S3 was conducted with similar test procedure and the number of piles 
reduced to 15. Owing to non-symmetrical plan layout, pile type B is further 
categorized as types B1 and B2 as shown in Figure 4.63(b). Figure 4.65(a) shows the 
development of pile axial force with time for Test S3. It can be observed that the pile 
axial force on the center piles for both Test S3 (types A and B1) and Test A4 (types A, 
B and C) are fairly comparable. However, for center pile types B2 and C, there is a 
slight increase in the pile axial force. This is probably due to the omission of piles 
nearby, resulting in higher load being transferred to pile types B2 and C. On the other 
hand, piles located below corner of tank (pile types D and E) show a significant 
increase in pile axial force due to reduction in pile number beneath the tank corner. 
The pile axial forces for 6 different types of instrumented piles at 5 different 
times for Test S3 are shown in Table 4.9. Compared with Test A4, Test A3 exhibits a 
significant decrease in foundation efficacy. This is mainly attributed to the omission 
of a large number of piles as compared to the initial pile configuration for Test A4. 
Similarly to efficacy, there is a significant decrease in competency for Test S3. 
Figures 4.65(b) and 4.65(c) illustrate the development of settlement and pore 
pressure with time for Test S3. The development of average settlement with applied 
tank pressure for Tests A4, S2 and S3 was further illustrated in Figure 4.66. It is noted 
that there is a considerable increase in tank settlement for Test S3 in comparison with 
Tests A4 and S2. This is mainly due to a lower efficacy for Test S3 where there is a 
larger percentage of tank load being transmitted to the soft ground. This is consistent 
with the observed higher pore pressure increase in the soft soil upon completion of 
loading. In addition, the differential tank settlement for Test S3 is found to be 
significant in comparison with Test A4. In the whole, results from Test S3 reveal that 
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the piles located below the tank corner should not be removed from the existing 
design in consideration of the adverse effect on the tank load distribution and 
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Figure 4.4 Development of pore pressure and soil surface settlement with time 
during pre-consolidation in 50g in a typical test
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Figure 4.3 Classification of piles 
 




















































Figure 4.5 Hyperbolic method used to determine ultimate settlement 




















































Figure 4.6 Result of Test P1: (a) Tank loading pressure (b) pore pressure and (c) 
























































Figure 4.7 Hyperbolic plot to predict ultimate settlement & degree of consolidation 
Ultimate settlement = 1/ 0.86  
                                = 1.16m   
 % consolidation  =  
     
    = 85.1%  
Settlement before loading 
Ultimate settlement  
Figure 4.8 Development of average settlement with applied pressure from tank (Test P1)



















































 Figure 4.9 Results of Test A4: Development of (a) loading pressure; (b) pile axial force 
with time; (c) tank settlement after loading stage and (d) pore pressure with time. 
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Figure 4.11 Development of efficacy with time (Test A4) 
Figure 4.10(a) Development of average tank settlement with pressure (Test A4) 
Figure 4.10(b) Development of angular distortion with time (Test A4) 




















































Figure 4.12 Development of competency with time (Test A4) 
Figure 4.13 Development of pile axial force with time (Test A1) 
Figure 4.14 Development of pile axial force with time (Test A2) 


















































Figure 4.15 Development of pile axial force with time (Test A3) 
Figure 4.16 Development of pile axial force with time (Test A5) 
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Figure 4.19 Effect of pile cap area ratio on efficacy 
Figure 4.20 Effect of pile cap area ratio on competency 




















































Figure 4.22 Development of competency with time for different pile cap area ratio 
Figure 4.21 Development of efficacy with time for different pile cap area ratio 




















































Figure 4.23 Development of pore pressure with time (Test A1) 
Figure 4.24 Development of pore pressure with time (Test A2) 




















































Figure 4.26 Development of pore pressure with time (Test A5) 
Figure 4.25 Development of pore pressure with time (Test A3) 




















































Figure 4.28 Development of tank settlement with time after loading (Test A2) 
Figure 4.27 Development of tank settlement with time after loading (Test A1) 




















































Figure 4.30 Development of tank settlement with time after loading (Test 
A5)
Figure 4.29 Development of tank settlement with time after loading (Test A3) 




















































Figure 4.31 Effect on pile cap area ratio on settlement 
Figure 4.32 Development of average settlement with applied pressure from tank for 
test series 1




















































Figure 4.33 Development of pile axial force on time (Test N1) 
Figure 4.34 Development of pile axial force on time (Test N2) 
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Figure 4.38 Shearing forces between interior prisms and exterior prisms 
Figure 4.37 Development of efficacy with time for test series 2 




















































Figure 4.39 Development of competency with time for test series 2 
Figure 4.40 Development of pore pressure with time (Test N1) 




















































Figure 4.42 Development of tank settlement with time after loading (Test N1) 
Figure 4.41 Development of pore pressure with time (Test N2) 



















































 Figure 4.44 Effect of thickness of sand on settlement 
Figure 4.43 Development of tank settlement with time after loading (Test N2) 




















































Figure 4.46 Tensile test response of meshed paper 
Figure 4.45 Development of average settlement with applied pressure 
from tank for test series 2




















































Figure 4.48 Development of pile axial force with time (Test G2) 
Figure 4.47 Development of pile axial force with time (Test G1) 
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Figure 4.51 Comparison of efficacy for using geotextile and without geotextile 
Figure 4.52 Comparison of competency for using geotextile and without geotextile 




















































Figure 4.53 Development of settlement with time (Test G1) 
Figure 4.54 Development of settlement with time (Test G2) 




















































Figure 4.55 Comparison of settlement for Test G1 (geotextile) and A1 (without 
geotextile)
Figure 4.56 Comparison of settlement for Test G2 (geotextile) and A4 (without 
geotextile)




















































Figure 4.57 Development of average settlement with applied pressure 
from tank for Tests A1 and G1
Figure 4.58 Development of average settlement with applied pressure 
from tank for Tests A4 and G2




















































Figure 4.60 Development of pore pressure with time (Test G2) 
Figure 4.59 Development of pore pressure with time (Test G1) 




















































Figure 4.61 Results of Test S1 (a)Zinc Chloride pressure measured by 2 PPT at 
tank base; (b)Development of pile axial force with time; (c)Development of tank 
























































 Figure 4.63 Configuration of pile plan layout (a) Test S2; (b) Test S3 













Figure 4.62 Development of average settlement with applied tank pressure for 
Tests S1 and A4




















































Figure 4.64 Results of Test S2 (a)Development of pile axial force with time; 
(b)Development of tank settlement after loading stage; (c)Development of pore 
























































Figure 4.65 Results of Test S3 (a)Development of pile axial force with time; 
(b)Development of tank settlement after loading stage; (c)Development of 
























































Figure 4.66 Development of average settlement with applied tank pressure for 
Tests A4, S2 and S3
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Elapsed Time Axial force due to applied load only (kN) 





Test A1 459 462 454 274 95 10 18 4 6125 39.0 6.914 
Test A2 551 548 553 398 172 16 18 18 8203 52.2 4.263 
Test A3 650 653 649 466 228 18 10 10 9738 62.0 3.062 
Test A4 660 659 655 500 238 21 21 30 10228 65.1 2.605 
Test A5 683 668 672 531 254 30 20 17 10535 67.1 2.217 
1 day after loading            
Test A1 469 474 463 292 112 11 17 3 6419 40.9 7.246 
Test A2 562 556 563 409 192 21 19 19 8522 54.3 4.429 
Test A3 660 662 658 476 238 22 13 12 9984 63.6 3.139 
Test A4 677 670 664 503 267 16 24 28 10545 67.1 2.685 
Test A5 697 678 681 544 274 29 19 18 10837 69.0 2.281 
1 month after loading             
Test A1 505 509 499 280 100 17 23 14 6731 42.9 7.598 
Test A2 676 661 672 401 159 21 11 22 9188 58.5 4.775 
Test A3 782 762 755 457 207 12 23 19 10626 67.6 3.341 
Test A4 788 794 785 495 232 24 30 38 11460 73.0 2.918 
Test A5 799 807 793 538 249 29 26 24 11755 74.8 2.474 
3 months after loading             
Test A1 532 531 530 261 91 19 26 9 6802 43.3 7.678 
Test A2 711 706 708 368 139 20 13 17 9219 58.7 4.791 
Test A3 817 796 800 431 181 14 22 16 10645 67.8 3.347 
Test A4 839 838 844 486 208 22 29 35 11659 74.2 2.969 
Test A5 849 845 854 521 221 22 25 19 11837 75.4 2.491 
1 year after loading             
Test A1 557 553 550 231 82 19 29 19 6895 43.9 7.783 
Test A2 728 724 724 343 127 17 14 16 9160 58.3 4.760 
Test A3 840 821 815 419 156 11 29 12 10564 67.3 3.321 
Test A4 871 872 887 480 179 26 34 29 11731 74.7 2.987 
Test A5 880 885 880 496 194 22 29 20 11840 75.4 2.492 
Table 4.2 Axial force of instrumented piles for different pile cap area ratio (Test A1, A2, A3, A4 and A5) 
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Elapsed Time Axial force due to applied load only (kN) 





Test N1 621 616 608 383 157 3 3 2 8345 53.1 2.125 
Test A4 660 659 655 500 238 21 21 30 10228 65.1 2.605 
Test N2 585 595 593 420 276 108 98 61 10537 67.1 2.683 
1 day after loading            
Test N1 632 626 622 394 168 3 1 4 8592 54.7 2.188 
Test A4 677 670 664 503 267 16 24 28 10545 67.1 2.685 
Test N2 595 607 602 439 276 119 112 73 10903 69.4 2.777 
1 month after loading            
Test N1 677 671 674 403 196 13 11 13 9437 60.1 2.403 
Test A4 788 794 785 495 232 24 30 38 11460 73.0 2.918 
Test N2 655 638 646 513 289 140 112 99 11955 76.1 3.044 
3 months after loading            
Test N1 699 699 699 408 194 15 11 15 9699 61.7 2.470 
Test A4 839 838 844 486 208 22 29 35 11659 74.2 2.969 
Test N2 696 671 669 508 274 121 112 105 12052 76.7 3.069 
1 year after loading            
Test N1 711 713 713 422 187 17 11 17 9847 62.7 2.508 
Test A4 871 872 887 480 179 26 34 29 11731 74.7 2.987 





Quantity Protoype : model Model Prototype Rock PEC 200 
Tensile Strength N : 1 5.50 kN/m 275 kN/m 210 kN/m 
Elongation at Break 1 : 1 5.9 % 5.9 % 13 % 
 
Table 4.3 Axial force of instrumented piles for different thickness of sand (Test N1, A4 and N3) 
Table 4.4 Summary of Quantities Modeled (Geotextile) 
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Axial force due to applied load only (kN) 
Elapsed Time A B C D E F G H Total Load (kN) Efficacy (%) Competency 
Completion of load 459 462 454 274 95 10 18 4 6125 39.0 6.914 
1 day after loading 469 474 463 292 112 11 17 3 6419 40.9 7.246 
1 month after loading 505 509 499 280 100 17 23 14 6731 42.9 7.598 
3 months after loading 532 531 530 261 91 19 26 9 6802 43.3 7.678 
1 year after loading 557 553 550 231 82 19 29 19 6895 43.9 7.783 
 
Axial force due to applied load only (kN) 
Elapsed Time A B C D E F G H Total Load (kN) Efficacy (%) Competency 
Completion of load 491 463 480 393 215 6 28 10 7771 49.5 8.772 
1 day after loading 507 477 491 404 222 10 35 13 8055 51.3 9.092 
1 month after loading 585 570 581 433 225 41 58 34 9389 59.8 10.598 
3 months after loading 652 656 659 418 216 53 64 42 10048 64.0 11.342 
1 year after loading 694 704 704 401 215 56 64 53 10554 67.2 11.913 
 
 
Axial force due to applied load only (kN) 
Elapsed Time A B C D E F G H Total Load (kN) Efficacy (%) Competency
Completion of load 660 659 655 500 238 21 21 30 10228 65.1 2.605 
1 day after loading 677 670 664 503 267 16 24 28 10545 67.1 2.685 
1 month after loading 788 794 785 495 232 24 30 38 11460 73.0 2.918 
3 months after loading 839 838 844 486 208 22 29 35 11635 74.1 2.963 
1 year after loading 871 872 887 480 179 26 34 29 11731 74.7 2.987 
 
Axial force due to applied load only (kN) 
Elapsed Time A B C D E F G H Total Load (kN) Efficacy (%) Competency
Completion of load 717 706 714 497 242 77 66 55 11333 72.2 2.886 
1 day after loading 732 714 726 506 247 81 70 59 11568 73.6 2.946 
1 month after loading 812 797 799 531 247 94 87 82 12676 80.7 3.228 
3 months after loading 856 846 854 518 216 98 89 85 12760 81.2 3.249 
1 year after loading 878 876 888 487 203 95 89 87 12938 82.4 3.295 
 
Table 4.5 Efficacy and competency for 0.06 pile cap area ratio: (a)without geotextile (Test A4);  (b)with geotextile (Test G1). 
Table 4.6 Efficacy and competency for 0.25 pile cap area ratio: (a)without geotextile (Test A4);  (b)with geotextile (Test G2) 
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Axial force due to applied load only (kN) 






Completion of loading 144 143 156 120 60 21 16 2 2463 62.6 11.099 First stage of 
loading 7 months after loading 225 218 238 104 41 8 6 3 2879 73.2 12.971 
Completion of loading 359 368 357 213 99 24 11 8 5100 68.9 12.222 Second stage 
of loading 7 months after loading 404 408 413 206 85 22 11 10 5408 73.1 12.960 
Completion of loading 495 498 504 315 135 38 17 8 7121 70.3 12.462 Third stage of 
loading 7 months after loading 545 542 560 302 125 29 22 10 7449 73.5 13.036 
Completion of loading 658 657 657 398 158 42 18 4 9036 71.0 12.593 Fourth stage 
of loading 7 months after loading 701 694 704 394 154 42 24 12 9461 74.4 13.184 
Completion of loading 811 817 798 470 177 45 13 2 10815 72.3 12.819 Fifth stage of 




Axial Force on different type of pile (kN)  
Elapsed Time A B C D E Total Load (kN) Efficacy (%) Competency
Completion of loading 668 666 669 491 258 10036 63.9 2.556 
1 day after loading 679 681 677 513 270 10323 65.7 2.629 
1 month after loading  796 798 799 505 262 11300 71.9 2.878 
3 months after loading 839 843 843 500 235 11463 73.0 2.919 
1 year after loading 879 878 877 493 207 11527 73.4 2.935 
                                         
 
                                             
Elapsed Time A B1 B2 C D E Total Load (kN) Efficacy (%) Competency 
Completion of loading 667 672 675 690 514 274 8245 52.5 2.100 
1 day after loading 682 684 701 709 532 285 8492 54.1 2.163 
1 month after loading 796 767 814 812 562 274 9426 60.0 2.400 
3 months after loading 831 834 865 870 550 258 9841 62.6 2.506 
1 year after loading 873 870 900 906 516 237 10017 63.8 2.551 
Table 4.7 Efficacy and competency for Test S1 
Table 4.8 Efficacy and competency for Test S2 
Table 4.9 Efficacy and competency for Test S3 






5.1 Concluding Remarks 
A centrifuge model study has been carried out to investigate the load 
distribution among piles and settlement of oil tank piled foundations in soft soil. 
Results from a typical test (Test A4) with the tank supported by 37 piles of 2 m 
center-to-center spacing, a pile cap area ratio of 25% and a 2-m thick sand layer 
between the tank and soft clay, show that the load carried by the center piles is much 
larger as compared to that by corner piles and piles outside the tank. This is mainly 
attributed to the different tributary load influence area of each pile type. The efficacy 
and competency of the foundation system tend to increase significantly for the first 
month after completion of loading and appear to stabilize 1 year after loading. On the 
other hand, only about 60% of ultimate tank settlement has developed upon 
completion of loading and the tank continues to settle gradually until about 1 year 
after loading. Although the magnitude of tank settlement is rather large, the 
differential tank settlement is observed to be fairly small. 
Test series 1 was conducted to examine the effects of pile cap area ratio on 
foundation performance. The thickness of the overlying sand layer is kept at 2 m. The 
results show that the foundation efficacy increases with increasing pile cap area ratio. 
However, the rate of increase in efficacy decreases when the pile cap area ratio 
increases. It is found that a pile cap area ratio of 25% is sufficient for an optimal 
maximum transfer of tank load to the piles. On the other hand, competency decreases 
with increasing pile cap area ratio, and approaches a limiting value at a pile cap ratio 
Chapter 5  Conclusion 
 149
of 25%. It is also established that the tank settlement decreases with increasing pile 
cap area ratio. When the pile cap area ratio increases from 6% (Test A1) to 25% (Test 
A4), the tank settlement is reduced by half.  
Test series 2 was conducted to investigate the effects of dense sand thickness on 
load distribution and settlement of tank. The pile cap area is kept at 25%, it can be 
established that the foundation efficacy increases with increasing thickness of dense 
sand. There is a significant increase in efficacy from 1-m to 2-m thick sand. However, 
an increase in thickness of sand from 2-m to 3-m shows only a small enhancement in 
efficacy. This implies that 2-m thickness of sand is sufficient to mobilize an effective 
load transfer to the piles. Test series 2 results show a decrease in tank settlement with 
increasing sand thickness.  
Test series 3 was performed to investigate the influence of geotextile on the load 
distribution and settlement of tank. Results from Tests G1 (pile cap area 6%) and G2 
(pile cap area 25%) reveal that the loads carried by each individual pile are larger as 
compared to those without geotextile. It can be established that the application of 
geotextile helps in enhancing both foundation efficacy and competency. However, the 
enhancement is more effective for smaller pile cap area ratios (Test G1) mainly due to 
the larger stretching of geotextile and ‘bending’ of the soil. The geotextile acts as a 
‘tensioned membrane’ that helps to transfer more loads to the piles.  
Three supplementary tests were performed, namely Test S1 (test with multiple 
stage loading), Tests S2 and S3 (test with reduced number of piles). For the test with 
multiple stages loading, the foundation efficacy and tank settlement is established to 
be similar to those of single stage loading as long as the magnitude of loading is the 
same. For tests with reduced number of piles, Test S2 with piles removed beyond the 
tank corner shows a slight difference in load distribution compared with Test A4 
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where the piles located at the corner carry slightly higher loads. The tank settlement is 
found to be comparable with that of Test A4 and the foundation efficacy is slightly 
lower than that of Test A4. For Test S3 with further piles being removed beneath tank 
corner, there is a significant increase in axial force for pile located beneath the tank 
corner. The omission of many piles in Test S3 leads to a significant decrease in 
foundation efficacy as compared with Test A4. The tank settlements observed in Test 
S3 is considerably higher than that of Test A4 and the differential settlement is also 
found to be significant.  
In general, it can be concluded that foundation efficacy and competency are 
highly dependent on pile cap area ratio, thickness of dense sand and presence of 
geotextile. Parametric studies indicate that the tank load distribution is enhanced by a 
higher pile cap area ratio, greater thickness of overlying sand, and the application of 
geotextile.  
 
5.2 Recommendations for Further Studies 
The following further studies are recommended: 
1. As soil conditions are highly variable in the field, it is desirable to conduct 
centrifuge tests on other soil types and profiles. 
2. It is believed that by varying parameters such as pile dimension, pile spacing 
and sand density, the load distribution among piles and between the piles and 
soft soils will be different. Thus, more detailed parametric studies on this 
subject are required. 
3. Further studies of large diameter tank supported by floating piles rather than 
end-bearing piles are proposed. 
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4. In the present study, the centrifuge needs to be spun down to install the piles 
and transducers at 1g. When the centrifuge is spun up again, large amount of 
soil settlement takes place from 1g to high g. Moreover, the stresses in the soil 
are different after spinning down. To simulate a more realistic case, the model 
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Determination of Pile Capacity 
 
Material of pile = Aluminium  
Yield Strength of Aluminium = 250 MPa 




Q = Qs + Qb 
 
End-bearing in cohesionless soil. 
Qb = qb x Ab 
Ab = 0.3 * 0.3 = 0.09 m² 
qb = σb’ * Nq < qt 
 
90% RD  = friction angle φ  = 41.4º (from Figure 3.7) 
Say choose φ = 40º 
 
Thus, Nq = 110 (Terzaghi 1943) 
          σb’ = 6.5 kPa x 10 + 2 x 15.5 kPa 
                = 96 kPa 
           qb = 110 * 96 
                = 10560 < qt (20000) 
          Qb = 10560 * 0.09 
                = 951 kN  
 
Shaft friction in cohesion soil 
Qs = α Cu As 
Assume that Cu/σ’ = 0.25 
Thus for 20 kPa pre-consolidation surcharge, the Cu = 5 kPa 
Normal consolidation clay, α = 1.0 
Thus, Qs = (1.0) (5) (0.3 x 4 x 10.25) 
    = 62 kN 
 
Therefore, Geotechnical Capacity 
Q = Qs + Qb 
    = 62 + 951 
    = 1013 kN 
  
Thus, overall factor of safety = Bearing capacity/ Total load  
    = (1013 x 37)/16886 
    = 2.22 
 
For Typical Test A4 
Factor of safety 
(a) center pile  = Bearing capacity/ Maximum load on pile 
= 1013/1025 = 0.99 
(b) corner pile type D = Bearing capacity/ Maximum load on pile 
= 1013/645 = 1.57 
(b) corner pile type E = Bearing capacity/ Maximum load on pile 
= 1013/415 = 2.44 






















Loading pressure during failure = 107.3 kPa 
Assume 1 : 1 load spread in overlying dense sand layer 






                                  = 53.1 kPa 
 
During stage before loading,  
1) Pressure exerted on clay (from 2 m dense sand) = 15.6 kPa 
2) Pressure from empty tank (assumed as surcharge pressure) = 31.1 kPa 
 
It is important to note that the empty tank is assumed as surcharge pressure although it 
is not applied in the entire surface. Thus, the actual strength profile in the clay is not 
uniform and the subsequent estimated bearing capacity is acceptable as approximate 
solution. 
 
Thus, follow cu/σ’= 0.25, then we can obtain cu of clay  = 46.7 x 0.25 
        = 11.7 kPa 
 
Thus, the bearing capacity of clay  = 5.14 cu 
     = 5.14 x 11.7  
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Axial force due to applied loading (kN) 
Elapsed Time Pile type A Pile type B Pile type C Pile type D Pile type E 
  803 143 660 799 140 659 793 138 655 640 140 500 380 142 238 
1 day after loading 820 143 677 810 140 670 802 138 664 643 140 503 409 142 267 
1 month after loading 931 143 788 934 140 794 923 138 785 635 140 495 374 142 232 
3 months after loading 982 143 839 978 140 838 982 138 844 626 140 486 350 142 208 
6 months after loading 1006 143 863 1007 140 867 1015 138 877 625 140 485 324 142 182 
1 year after loading 1014 143 871 1012 140 872 1025 138 887 620 140 480 321 142 179 
 
Axial force due to applied loading (kN) 





135 114 21 139 118 21 150 120 30 10228 65.1 2.605 
130 114 16 142 118 24 148 120 28 10545 67.1 2.685 
138 114 24 148 118 30 158 120 38 11460 73.0 2.918 
136 114 22 147 118 29 155 120 35 11659 74.2 2.969 
139 114 25 150 118 32 149 120 29 11695 74.5 2.978 














Total axial force 
Axial force before loading 
Axial force due to tank loading only based on axial force 
due to tank loading 
 
Appendix 3  Calculation of Total Force, Efficacy and Competency 
 162
Calculation of Total Force, Efficacy and Competency 
 
For instance,  
Upon Completion of Loading, 
In the pile configuration as shown in Figure 4.2,  
There is total of 37 piles consists of 1 pile type A, 4 pile B, C, D, F and G, 8 piles E and H. Assumption was made where pile located in same 
relative location are same. Therefore,  
 
Total Force  = 1 x Pile A + 4 x (Pile B + Pile C + Pile D + Pile F + Pile G) + 8 x (Pile E + Pile H) 
= 1 x 660 + 4 x (659 + 655 + 500 + 21 + 21) + 4 x (238 + 30) 
  = 10228 kN 
 
Efficacy  = 
edForceTotalAppli
TotalForce  x 100% 
  =  
15708
10228  x 100% = 65.1% 
where the Total Applied Force = Pressure exerted on tank base x tank base area 
 
Competency  = Efficacy x {total pile tributary area/pile cap area} 







× = 2.605 
 

